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(FILE 'HOME' ENTERED AT 17:15:34 ON 21 NOV 2001) 

FILE 'MEDLINE, BIOSIS, SCISEARCH, CAPLUS ' ENTERED AT 17:15:59 ON 21 NOV 
2001 

LI 1627605 S EMBRYONIC (W) (STEM OR GERM OR CARCINOMA) OR ES OR EG OR EC 

L2 6904 S (FETAL OR POST-NATAL OR ADULT) (W) CELL 

L3 2806 S (NEURAL OR NEURONAL) ( 6A) PROGENITOR 

L4 1636707 S LI OR L2 OR L3 

L5 2942 S MULT I POTENTIAL (5A) CELL 

L6 533184 S SELECTABLE ( 5 A) MARKER OR ANTIBIOTIC? 

L7 7898 S SOX OR SOX1 OR SOX2 OR SOX3 

L8 541050 S L6 OR L7 

L9 21124 S L4 AND L8 

L10 12 S L5 AND L8 

Lll 43 0 S L9 AND DIFFERENTIAT? 

L12 164 S Lll AND CULTUR? 

L13 14 S L12 AND LINEAGE 

L14 8 DUP REM L10 (4 DUPLICATES REMOVED) 

L15 11 DUP REM L13 (3 DUPLICATES REMOVED) 

=> d au ti so ab 1-8 114 

L14 ANSWER 1 OF 8 MEDLINE DUPLICATE 1 

AU Nishimura Ji; Phillips K L; Ware R E; Hall S; Wilson L; Gentry T L; 

Howard 

T A; Murakami Y; Shibano M; Machii T; Gilboa E; Kanakura Y; Takeda J; 
Kinoshita T; Rosse W F; Smith C A 

TI Efficient retrovirus-mediated PIG-A gene transfer and stable restoration 
of GPI -anchored protein expression in cells with the PNH phenotype . 

SO BLOOD, (2001 May 15) 97 (10) 3004-10. 

Journal code: A8G; 7603509. ISSN: 0006-4971. 

AB Paroxysmal nocturnal hemoglobinuria (PNH) is a clonal hematopoietic stem 
cell disorder characterized by complement -mediated hemolysis due to 
deficiencies of glycosylphosphatidylinositol-anchored proteins (GPI-APs) 
in subpopulations of blood cells. Acquired mutations in the X-linked 
phosphatidylinositol glycan-class A (PIG-A) gene appear to be the 
characteristic and pathogenetic cause of PNH. To develop a gene therapy 
approach for PNH, a retroviral vector construct, termed MPIN, was made 
containing the PIG-A complementary DNA along with an internal ribosome 
entry site and the nerve growth factor receptor (NGFR) as a 
selectable marker. MPIN transduction led to efficient 

and stable PIG-A and NGFR gene expression in a PIG-A-def icient B-cell 

line 

(JY5) , a PIG-A-def icient K562 cell line, an Epstein-Barr 
virus-transf or me d 

B-cell line (TK-14(-)) established from a patient with PNH, as well as 
peripheral blood (PB) mononuclear cells from a patient with PNH. PIG-A 
expression in these cell lines stably restored GPI-AP expression. MPIN 



was 
and 



transduced into bone marrow mononuclear cells from a patient with PNH, 

myeloid/erythroid colonies and erythroid cells were derived. These 
transduced erythroid cells restored surface expression of GPI-APs and 
resistance to hemolysis. These results indicate that MPIN is capable of 
efficient and stable functional restoration of GPI-APs in a variety of 
PIG-A-def icient hematopoietic cell types. Furthermore, MPIN also 
transduced into PB CD34(+) cells from a normal donor, indicating that 



MPIN 



can transduce primitive human progenitors. These findings set the stage 
for determining whether MPIN can restore PIG-A function in 
multipotential stem cells, thereby providing a potential 
new therapeutic option in PNH. 

L14 ANSWER 2 OF 8 MEDLINE 
AU Manabe I; Owens G K 

TI Recruitment of serum response factor and hyperacetylation of histones at 
smooth muscle-specific regulatory regions during differentiation of a 
novel P19-derived in vitro smooth muscle differentiation system. 

SO CIRCULATION RESEARCH, (2001 Jun 8) 88 (11) 1127-34. 
Journal code: DA J; 0047103. ISSN: 1524-4571. 

AB Little is known regarding transcriptional regulatory mechanisms that 

control the sequential and coordinate expression of genes during smooth 
muscle cell (SMC) differentiation. To facilitate mechanistic studies of 
SMC differentiation, we established a novel P19-derived clonal cell line 
(designated A404) harboring a smooth muscle (SM) alpha-actin 
promoter/intron-driven puromycin resistance gene. Retinoic acid plus 
puromycin treatment stimulated rapid differentiation of 
multipotential A4 04 cells into SMCs that expressed 

multiple SMC differentiation marker genes, including the definitive 
SM-lineage marker SM myosin heavy chain. Using this system, we 
demonstrated that various transcription factors were upregulated 
coincidentally with the expression of SMC differentiation marker genes. 

Of 

interest, the expression of serum response factor (SRF) , whose function 

is 

critical for SMC-specific transcription, was high in undifferentiated 

A404 

cells, and it did not increase over the course of differentiation. 
However, chromatin immunoprecipitation analyses showed that SRF did not 
bind the target sites of endogenous SMC marker genes in chromatin in 
undifferentiated cells, but it did in differentiated A404 cells, and it 
was associated with hyperacetylation of histones H3 and H4 . The present 
studies define a novel cell system for studies of transcriptional 
regulation during the early stages of SMC differentiation, and using this 
system, we obtained evidence for the involvement of chromatin remodeling 
and selective recruitment of SRF to CArG elements in the induction of 
cell -selective marker genes during SMC differentiation. 
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AU Majumdar, Manas Kumar; Wang, Eunice; Morris, Elisabeth Ann 

TI BMP- 2 and BMP- 9 promote chondrogenic differentiation of human 
multipotential mesenchymal cells and overcome the 
inhibitory effect of IL-1 

SO J. Cell. Physiol. (2001), 189(3), 275-284 
CODEN: JCLLAX; ISSN: 0021-9541 

AB Bone morphogenetic proteins play important roles in connective tissue 
morphogenesis. In this study, we used human multipotential 
mesenchymal cells as a target to analyze the effect of bone 
morphogenetic proteins on chondrogenesis . We also analyzed the effect of 
proinflammatory cytokine interleukin- 1 on chondrogenic-dif f erentiated 
cells and the interaction of IL-1. beta, with bone morphogenetic proteins. 
Cells placed in a 3 -dimensional matrix of alginate beads and cultured in 

a 

serum- free media with bone morphogenetic protein-2 and -9 induced 
expression of type II collagen (Col2Al) mRNA and increased expression of 
aggrecan and cartilage oligomeric matrix protein suggesting chondrogenic 
differentiation of the cells. The transcription factor Sox- 9 
that regulates both Col2Al and aggrecan gene expression showed increased 



expression with BMP treatment. Chondrogenic differentiated cells treated 
with interleukin-1 decreased Sox- 9, Col2Al and aggrecan gene 
expression. Removal of interleukin-1 and further addn. of bone 
morphogenetic proteins resulted in returned expression of chondrogenic 
markers. Chondrogenic differentiated cells cultured in the presence of 
different concns . of bone morphogenetic proteins and interleukin-1 showed 
that bone morphogenetic proteins were able to partially block the 
suppressive effect of interleukin-1. This study shows that bone 
morphogenetic proteins play an important role in chondrogenesis and may 
prove to be potential therapeutics in cartilage repair. 
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AU Li, M. (1) ; Smith, A. (1) 

TI Derivation of multipotential neural precursors from embryonic 

stem cells in vitro. 
SO European Journal of Neuroscience, (2 000) Vol. 12, No. Supplement 11, pp. 

324. print. 

Meeting Info.: Meeting of the Federation of European Neuroscience 
Societies Brighton, UK June 24-28, 2000 
ISSN: 0953-816X. 
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TI Lineage specific cells and progenitor cells 
SO PCT Int. Appl. 
CODEN: PIXXD2 

AB A method for generating a culture that is purified or enriched in respect 
of cells of a selected lineage is described in which a selectable 
marker, which is differentially expressed in cells of the selected 
lineage compared with its expression in other cells, is 
introduced into a multipotential cell and the 
multipotential cell is cultured to induce 
differentiation of the multipotential cell into a 
cell of the selected lineage or into a mixture of cells including 
cells of the selected lineage, or is cultured to induce preferential 
survival of cells of the selected lineage. Those cells that express the 
selectable marker are then selected for. Progenitors of 

selected lineage are also described as is the use of the method in assay 
techniques . 
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AU Bertolini F; Corsini C; Lazzari L; Soligo D; De Monte L; Ward M; Bank A; 
Sirchia G 

TI Gene transfer-mediated generation of drug-resistant hemopoiesis. 

SO LEUKEMIA AND LYMPHOMA, (1996 Mar) 21 (1-2) 17-23. Ref : 31 
Journal code: BNQ; 9007422. ISSN: 1042-8194. 

AB Autologous- or allogeneic-bone marrow transplantation are increasingly 
used to overcome the myelosuppressive effects of high dose chemotherapy 
administered to cancer patients. Transfer of the multidrug resistance 
(MDR) gene in hemopoietic progenitors has been proposed as a tool to 
administer higher and possibly more curative doses of chemotherapy. 

Murine 

models have demonstrated that retrovirus -mediated MDR transfer in bone 
marrow cells can render animals resistant to myeloablative doses of 
Taxol , 

and in vitro studies have shown that MDR- transduced human CD34+ 
cells can generate drug-resistant multipotential 

hemopoietic progenitors such as long term culture-initiating cells. Given 
these results, phase I clinical trials are currently under way to 
evaluate 



feasibility and treatment-related toxicity of MDR gene transfer in cancer 
patients by means of safe retroviral vectors. Finally, Taxol treatment of 
MDR transduced mice and human CD34 + cells have indicated that MDR is a 
dominant selectable marker in vitro and in vivo, and 

vectors carrying both MDR and non selectable genes such as beta-globin or 
glucocerebrosidase could be used in the next future for gene therapy of 
inherited disorders like thalassemia or Gaucher disease. 
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AU BERTOLINI F (Reprint) ; CORSINI C; LAZZARI L; SOLIGO D; DEMONTE L; WARD M; 
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TI GENE TRANSFER -MEDIATED GENERATION OF DRUG -RESISTANT HEMATOPOIESIS 
SO LEUKEMIA & LYMPHOMA, (MAR 1996) Vol. 21, No. 1-2, pp. 17. 
ISSN; 1042-8194. 

AB Autologous- or allogeneic -bone marrow transplantation are increasingly 

used to overcome the myelosuppressive effects of high dose chemotherapy 
administered to cancer patients. Transfer of the multidrug resistance 
(MDR) gene in hemopoietic progenitors has been proposed as a tool to 
administer higher and possibly more curative doses of chemotherapy. 

Murine 

models have demonstrated that retrovirus -mediated MDR transfer in bone 
marrow cells can render animals resistant to myeloablative doses of 
Taxol , 

and in vitro studies have shown that MDR- transduced human CD34+ 
cells can generate drug-resistant multipotential 

hemopoietic progenitors such as long term culture- initiating cells. Given 
these results, phase I clinical trials are currently under way to 
evaluate 

feasibility and treatment-related toxicity of MDR gene transfer in cancer 
patients by means of safe retroviral vectors. Finally, Taxol treatment of 
MDR transduced mice and human CD34+ cells have indicated that MDR is a 
dominant selectable marker in vitro and in vivo, and 

vectors carrying both MDR and non selectable genes such as beta-globin or 
glucocerebrosidase could be used in the next future for gene therapy of 
inherited disorders like thalassemia or Gaucher disease. 
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AU Islam A; Glomski C; Henderson E S 

TI Evidence for proliferation and differentiation of endosteal cells into 

hemopoietic cell lines in short-term liquid culture. 
SO JOURNAL OF MEDICINE, (1989) 20 (2) 113-22. 

Journal code: IYG; 7505566. ISSN: 0025-7850. 
AB To study the ability of endosteal cells to spontaneously differentiate in 

vitro, cells isolated from the endosteal bone surface (endosteal cells) 

were incubated in liquid suspension cultures containing fetal calf serum 

and antibiotics, but without chemical inducers of 

differentiation. Cultures were examined daily for the appearance of 
morphologically recognizable mature and differentiated hemopoietic cells. 
Culture outcomes were uniformly consistent, showed an almost complete 
disappearance of the endosteal cells (which appeared as stimulated 
lymphoid and late stage normoblast -like cells once they are separated 

from 

the bone surfaces) , and their replacement by differentiated and mature 
hemopoietic cells. The ability of endosteal cells to fully differentiate 
into mature hemopoietic cells in vitro indicates that endosteal 
cells represent the multipotential hemopoietic stem 
cells in vivo, and are equivalent of embryonal stage 
undifferentiated mesenchymal cells. 
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LIS ANSWER 1 OF 11 MEDLINE 

AU Franceschini I A; Feigenbaum-Lacombe V; Casanova P; Lopez-Lastra M; 
Darlix 

J L; Dalcq M D 

TI Efficient gene transfer in mouse neural precursors with a bicistronic 

retroviral vector. 
SO JOURNAL OF NEUROSCIENCE RESEARCH, (2001 Aug 1) 65 (3) 208-19. 

Journal code: KAC; 7600111. ISSN: 0360-4012. 
AB Gene transfer into neural precursors is a powerful approach to study the 

function of specific gene products during nervous system development. 

Here 

we describe a retrovirus -based methodology to transduce foreign genes 

into 

mouse neural precursors. We used a high-titer bicistronic retroviral 
vector that encodes a marker gene, placental alkaline phosphatase (plap) , 
and a selection gene, neomycin phosphotransferase II (neoR) , under the 
translational control of two retroviral internal ribosome entry segments. 
Transduction efficiency even without selection was up to 95% for 
multipotential neurospheres derived from embryonic striata and grown with 
basic fibroblast growth factor 2. Expression of plap and neoR was 
sustained with time in culture and upon differentiation 
into neurons, astrocytes, and oligodendrocytes, as shown by double 
immunofluorescence labeling with cell type- specif ic markers, Western 
blotting, and neomycin resistance. However, levels of plap were decreased 
in differentiated oligodendrocytes. Transduction with the same 
vector of neonatal oligodendrocyte precursors grown in oligospheres 
consistently resulted in a lower proportion of plap- immunoreactive cells 
and enhanced cell death in the absence of neomycin. However, plap 
expression was maintained in some differentiated 

oligodendrocytes expressing galactocerebroside or myelin basic protein. 

In 

that neurospheres can be easily expanded in vitro and factors enabling 
their differentiation into the three main central nervous system 
cell types are being elucidated, this methodology could be used in the 
future to produce large number of transduced, differentiated 
neural cells. 

Copyright 2001 Wiley-Liss, Inc. 
ANSWER 2 OF 11 MEDLINE 

Chandross K J; Cohen R I; Paras P Jr; Gravel M; Braun P E; Hudson L D 
Identification and characterization of early glial progenitors using a 
transgenic selection strategy. 

JOURNAL OF NEUROSCIENCE, (1999 Jan 15) 19 (2) 759-74. 
Journal code: JDF; 8102140. ISSN: 0270-6474. 

To define the spatiotemporal development of and simultaneously select for 
oligodendrocytes (OLs) and Schwann cells (SCs) , transgenic mice were 
generated that expressed a bacterial beta-galactosidase (beta-gal) and 
neomycin phosphotransferase fusion protein (betageo) under the control of 
murine 2' 3' -cyclic nucleotide 3 1 -phosphodiesterase (muCNP) promoters I 

II. Transgenic beta-gal activity was detected at embryonic day 12.5 in 

ventral region of the rhombencephalon and spinal cord and in the neural 
crest. When cells from the rhombencephalon were cultured in the 
presence of G418, surviving cells differentiated into OLs, 
indicating that during development this brain region provides one source 
of OL progenitors. Postnatally, robust beta-gal activity was localized to 



OLs throughout the brain and was absent from astrocytes, neurons, and 
microglia or monocytes. In the sciatic nerve beta-gal activity was 
localized exclusively to SCs . Cultures from postnatal day 10 
brain or sciatic nerve were grown in the presence of G418, and within 8-9 
d exposure to antibiotic, 99% of all surviving cells were 
beta-gal-positive OLs or SCs. These studies demonstrate that the 
muCNP-betageo transgenic mice are useful for identifying OLs and SCs 
beginning at early stages of the glial cell lineage and 
throughout their development. This novel approach definitively 

establishes • 

that the beta-gal-positive cells identified in vivo are glial 

progenitors , 

as defined by their ability to survive antibiotic selection and 
differentiate into OLs or SCs in vitro. Moreover, this 
experimental paradigm facilitates the rapid and efficient selection of 
pure populations of mouse OLs and SCs and further underscores the use of 
cell-specific promoters in the purification of distinct cell types. 

L15 ANSWER 3 OF 11 MEDLINE 

AU Verma S; Woffendin C; Bahner I; Ranga U; Xu L; Yang Z Y; King S R; Kohn D 
B; Nabel G J 

TI Gene transfer into human umbilical cord blood-derived CD34 + cells by 

particle-mediated gene transfer. 
SO GENE THERAPY, (1998 May) 5 (5) 692-9. 

Journal code: CCE; 9421525. ISSN: 0969-7128. 
AB Delivery of genes into hematopoietic progenitor cells offers an 
attractive 

means for the introduction of corrective or protective genes into cells 

of 

both the myeloid and lymphoid lineage. Previously, investigators 
have often used murine retroviral vectors for gene delivery which require 
cells to be cycling for efficient delivery. We describe a nonviral method 
of gene delivery using particle-mediated gene transfer to obviate many 
disadvantages of viral vectors related to safety, production costs and 

the 

need for cell cycle proliferation. Using a CMV-CAT reporter plasmid, we 
show transfection of highly purified CD34+ cells isolated from umbilical 
cord blood. Effective gene transfer was shown in unstimulated and in 
growth-stimulated cells. Following transfection with a neomycin 
resistance 

gene, differentiation into cells of the myeloid lineage 
was observed, assayed by CFU-GM in the presence of G-418. Both 
unstimulated and stimulated cells gave rise to CFU-GM in the presence of 
G-418, indicating that stable expression of the neomycin resistance gene 
was maintained in early progenitors. These results demonstrate that 
particle-mediated gene transfer into human hematopoietic cells from 
umbilical cord blood can be achieved without affecting their CFU-GM 
differentiation potential. This gene transfer method offers an 
alternative approach to gene therapy studies involving human 
hematopoietic 

progenitor cells. 

L15 ANSWER 4 OF 11 MEDLINE 

AU Morceau F; Aries A; Lahlil R; Devy L; Jardillier J C; Jeannesson P; 
Trent esaux C 

TI Evidence for distinct regulation processes in the aclacinomycin- and 
doxorubicin-mediated differentiation of human erythroleukemic 
cells . 

SO BIOCHEMICAL PHARMACOLOGY, (1996 Mar 22) 51 (6) 839-45. 
Journal code: 9Z4; 0101032. ISSN: 0006-2952. 




AB / Human erythroleukemic K 562 cells were induced to were induced to 

/differentiate along the erythroid lineage by 
anthracycline antitumor drugs, such as aclacinomycin (ACLA) and 
doxorubicin (DOX) . Subsequent stimulation of heme and globin synthesis 

led 

to a differential quantitative expression of hemoglobins. Gower 1 
(epsilon2 / zeta2) was the major type for ACLA and X (epsilon2, gamma2) 

for 

DOX. Although ACLA and DOX increased both the expression of gamma-globin 
and porphobilinogen deaminase mRNAs , striking differences were observed 

in 

the expression of erythropoietin receptor mRNAs and in erythroid 
transcription factors GATA-1 and NF-E2, known to play a key role in 
erythroid gene regulation. Indeed, ACLA induces an increase either in the 
binding capacity of GATA-1 and NF-E2 or in the accumulation of 
erythropoietin receptor, GATA-1 and NF-E2 transcripts. In contrast, their 
expression with DOX was not significantly modified compared to uninduced 
cells, except for a slight decrease in NF-E2 expression on day 3. In 
conclusion, these data show that: 1. increased expression of erythroid 
transcription factors and erythroid genes are associated only with ACLA 
treatment, and 2. although cytotoxicity of both ACLA and DOX is certainly 
dependent on DNA intercalation, regulation of differentiation 
processes by these two drugs involves distinct mechanisms. 

L15 ANSWER 5 OF 11 MEDLINE 

AU McWhir J; Schnieke A E; Ansell R; Wallace H; Colman A; Scott A R; Kind A 
J 

TI Selective ablation of differentiated cells permits isolation of 
embryonic stem cell lines from murine embryos with a 
non-permissive genetic background. 

SO NATURE GENETICS, (1996 Oct) 14 (2) 223-6. 

Journal code: BRO; 9216904. ISSN: 1061-4036. 

AB Embryonic stem (ES) cells enable the 

engineering of precise modifications to the mouse genome by gene 
targeting. Although there are reports of cultured cell 
contributions to chimaeras in golden hamster, rat and pig, definitive 
ES cell lines which contribute to the germline have not been 
demonstrated in any species but mouse. Among mouse strains, genetic 
background strongly affects the efficiency of ES isolation, and 
almost all ES lines in use are derived from strain 129 (refs 
1,4,5) or, less commonly, C57BL/6 (refs 6-8). The CBA strain is 

refractory 

to ES isolation and there are no published reports of 
CBA-derived ES lines. Hence, CBA mice may provide a convenient 
model of ES isolation in other species. In ES 

derivation it is critical that the primary explant be cultured 
for a sufficient time to allow multiplication of ES cell 
progenitors, yet without allowing extensive differentiation. 
Thus, differences in ES derivation between mouse strains may 
reflect differences in the control of ES progenitor cells by 
other lineages within the embryo. Here we describe a strategy to 
continuously remove differentiated cells by drug selection, 
which generates germline competent ES lines from genotypes that 
are non-permissive in the absence of selection. 
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TI Genetically selected cardiomyocytes from differentiating 

embronic stem cells form stable intracardiac grafts. 
SO JOURNAL OF CLINICAL INVESTIGATION, (1996 Jul 1) 98 (1) 216-24. 



Journal code: HS7; 7802877. ISSN : 0021-9738. 
AB This study describes a simple approach to generate relatively pure 
cultures of cardiomyocytes from differentiating murine 
embryonic stem (ES) cells. A fusion gene 

consisting of the alpha-cardiac myosin heavy chain promoter and a cDNA 
encoding aminoglycoside phosphotransferase was stably transfected into 
pluripotent ES cells. The resulting cell lines were 
differentiated in vitro and subjected to G418 selection. 
Immunocytological and ultrastructural analyses demonstrated that the 
selected cardiomyocyte cultures (> 99% pure) were highly 
differentiated. G418 selected cardiomyocytes were tested for their 
ability to form grafts in the hearts of adult dystrophic mice. The fate 

of 

the engrafted cells was monitored by antidystrophin immunohistology, as 
well as by PCR analysis with primers specific for the myosin heavy 
chain-aminoglycoside phosphotransferase transgene. Both analyses revealed 
the presence of ES -derived cardiomyocyte grafts for as long as 7 
wk after implantation, the latest time point analyzed. These studies 
indicate that a simple genetic manipulation can be used to select 
essentially pure cultures of cardiomyocytes from 
differentiating ES cells. Moreover, the resulting 

cardiomyocytes are suitable for the formation of intracardiac grafts. 

This 

selection approach should be applicable to all ES-derived cell 
lineages . 
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sensitivities to topoisomerase-directed drugs. 
SO ANTICANCER RESEARCH, (1995 Sep-Oct) 15 (5B) 1873-81. 

Journal code: 59L; 8102988. ISSN: 0250-7005. 
AB Cell sublines resistant to doxorubicin (DOX) were developed from the 
human 

leukemia cell line, U-937/WT, exposed to stepwise DOX increases. In 
contrast to U-937/WT cells, the DOX-resistant U-937/RD cells have longer 
doubling time; are more differentiated along the monocytic 
lineage as determined by the presence of morphological features 
and mRNA coding for the monocyte colony- stimulating factor- 1 receptor; 
synthesize the apoptosis-associated Bax protein; are less sensitive to 
apoptosis-inducing topoisomerase II-directed drugs, apparently because of 
increased synthesis of P-glycoprotein; and are practically 
non- tumor igenic 

when xenografted in nude mice. However, U-937/WT and U-937/RD cells 
exhibit similar sensitivity to the apoptosis-inducing drug 
9-nitrocamptothecin. These findings suggest that several mechanisms are 
involved in the development of DOX-resistance in U-937 cells, and 
further, 

9-nitrocamptothecin can overcome resistance to DOX. These findings may 
have clinical implications. 

L15 ANSWER 8 OF 11 MEDLINE DUPLICATE 1 

AU Nakano T; Kodama H; Hon jo T 

TI Generation of lymphohematopoietic cells from embryonic 

stem cells in culture. 
SO SCIENCE, (1994 Aug 19) 265 (5175) 1098-101. 

Journal code: UJ7 ; 0404511. ISSN: 0036-8075. 



AB An efficient system was developed that induced the differentiation 
of embryonic stem (ES) cells into blood 

cells of erythroid, myeloid, and B cell lineages by coculture 
with the stromal cell line 0P9 . This cell line does not express 
functional 

macrophage colony-stimulating factor (M-CSF) . The presence of M-CSF had 
inhibitory effects on the differentiation of ES cells 
to blood cells other than macrophages. Embryoid body formation or 
addition 

of exogenous growth factors was not required, and differentiation 
was highly reproducible even after the selection of ES cells 
with the antibiotic G418. Combined with the ability to 
genetically manipulate ES cells, this system will facilitate the 
study of molecular mechanisms involved in development and 
differentiation of hematopoietic cells. 
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SO LEUKEMIA, (1994 Jan) 8 (1) 121-8. 

Journal code: LEU; 8704895. ISSN: 0887-6924. 
AB Topoisomerase II (topo II) is a target for many cytotoxic agents. Two 

observations, however, warrant caution in their therapeutic use: first, 

these agents can inhibit differentiation and second, 

perturbations in function render the enzyme error-prone. Illegitimate 
recombination events occurring at sites where topo II acts in 
differentiation could be particularly important in the development 
of secondary malignancies (relatively frequent after therapy with agents 
that target topo II) . Topo II inhibitors are heterogeneous in mechanisms 
of action; in site-specificity of cleavable complex 'entrapment* (where 
present) and in the relative potency against the two topo II isoforms, 

all 

potentially influencing the site of maximum DNA damage. The object of 

this 

study was to examine the effect of topo II inhibitors on human 
haemopoietic precursor cells, to determine which have most impact on 
differentiation. We selected two which act via cleavable complex 
entrapment, but with different site preferences (m-AMSA and VP-16) , and 
two acting via other mechanisms (merbarone and fostriecin) . VP-16 and 
m-AMSA showed similar patterns with low dose stimulation of 
granulocyte -macrophage colony formation and high dose inhibition of all 
colony types. The stimulation was accompanied by an increase in colony 
size and blast content, consistent with a low dose inhibition of 
differentiation. Forstriecin, in contrast, stimulated 

predominantly mixed and erythroid colonies. Merbarone failed to increase 
colony formation. Neither produced substantial inhibition of colony 
formation. The effects on granulocyte -macrophage progenitors were 
confirmed using 7 -day suspension cultures', using nitroblue 
tetrazolium (NBT) reduction and 3 -4 , 5 , dimethylthiazol 2,5-diphenyl 
tetrazolium bromide (MTT) assays for differentiated cells and 
total cell mass, respectively. These results demonstrate that the effects 
of topo II inhibitors on haemopoietic cell proliferation and 
differentiation are agent- specif ic and can involve lineage 
-restricted partial inhibition of differentiation. 
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induced by a proteolytic enzyme. 

SO JOURNAL OF PHYSIOLOGY, (1993 Apr) 463 269-90. 
Journal code: JQV; 0266262. ISSN: 0022-3751. 

AB 1. As previously reported, ectodermal a4-2 blastomeres isolated from 
8-cell embryos of the ascidian, Halocynthia roretzi or aurantium, and 
cultured under conditions of cleavage arrest always 
differentiated into an epidermal phenotype, showing long- lasting 
Ca (2+) -dependent action potentials and/or tunic on the cell surface. a4-2 
blastomeres contacted by a chordamesodermal blastomere, A4-1, 
differentiated into a neural phenotype, characterized by fast 
Na (+) -dependent spikes. Differentiation to a similar neural 
phenotype occurred when isolated a4-2 blastomeres from H. aurantium 
embryos were treated with > 0.003% subtilisin for 60 min at the 32 -cell 
stage of the control embryo. Comparisons between induction by cell 

contact 

and induction by proteolytic enzymes were made and showed them to be 
similar in several respects. 2. When the serine protease, subtilisin, was 
used as the neural inducer, neural competence of a4-2 blastomeres, 
measured as the percentage frequency of the induction of Na+ spikes, 
increased after the 32-cell stage and decreased during the gastrula 
stage . 

The time course of the neural competence was the same as that for contact 
with the A4-1 blastomere. 3. The neural competence of four different 
ectodermal blastomeres isolated from the 16 -cell embryo was also examined 
using subtilisin as a neural inducer, and by contact with the A4-1 
blastomere from the 8-cell embryo. The competence was higher in anterior 
blastomeres than in posterior blastomeres for both types of induction. 
This regional difference in neural competence along the antero-posterior 
axis paralleled that expected from neural cell lineage during 
normal development, i.e. blastomeres with more cells of neural 
lineage among their derivatives showed higher competence. 4. 
Streptomyces subtilisin inhibitor, SSI (0.1%), a specific protease 
inhibitor for subtilisin- type serine proteases, significantly suppressed 
(50%) neural induction of the ectodermal blastomere, a4-2, by contact 

with 

the chordamesodermal blastomere, A4-1. 5. Monensin, brefeldin A and 
bafilomycin Al, all of which affect secretory processes, suppressed the 
neural inducing ability of the chordamesodermal blastomere, A4-1. 6. 

These 

results permit the hypothesis that a protease secreted from the 
chordamesoderm-generating blastomere induces the ectodermal blastomere to 
differentiate into neural cell type. 
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AB Bone marrow stromal cells give rise to osteoprogenitor cell (OPC) 

colonies, with characteristic mineralized bone nodules in vitro. During 

differentiation, OPCs in the culture are surrounded by 

heterogeneous populations of various cell lineages and by 

different OPC differentiation stages. In the present study, 

attempts were made to increase the homogeneity of OPCs in culture 

. The reliance on energy metabolism restricted to glycolysis, which is 

specific to the premineralizing skeletal cells, was tested as a 

selectable marker for cells in this stage. Day 12 

alkaline phosphatase (ALP) and day 20-21 calcium precipitates were used 

as 



early and late OPC differentiation markers. Malonate, a 
competitive inhibitor of succinate dehydrogenase, was added to the OPC 
stimulation medium, to interfere with the Krebs cycle -dependent energy 
metabolism operating in most of the stromal cells. OPCs that entered the 
stage of energy metabolism restricted to glycolysis were expected to 
become malonate resistant. Malonate showed dose and time dependence, 10 

mM 

malonate added on day 3, decreased day 12 ALP activity/well to the lowest 
level. Variations in time and length of exposure to malonate used during 
the first 12 days of differentiation showed an inverse 
correlation between specific ALP activity and cell yield. 
Malonate -treated 

variations of specific ALP and of cell yield indices were up to 30- to 
40-fold larger than variations within day 21 calcium precipitates. Thus, 
calcifying cells were almost unchanged relatively to noncalcifying cells. 
These results indicate that malonate-resistant cells are mostly selected, 
rather than induced, to differentiate by malonate. The results 
also show that stromal derived OPCs undergo a similar biochemical stage 

as 

in chondrocytes. 
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NEURAL DIFFERENTIATION IN CLEAVAGE- ARRESTED 
ASCIDIAN BLASTOMERES INDUCED BY A PROTEOLYTIC ENZYME 

By HARUO OKADO and KUNITARO TAKAHASHI_ 
From the -Department of Neurobiology, Jnstitute for Brain Research** Faculty of 
Medicine, University of Tokyo, YJongo 7-3-1, Bunlcyo-ku, Tokyo 113,; Japan } 

(Received 18 December 1991) 

SUMMARY 

i 1. As previously reported, ectodermal o 4 2 blastomeres isolated from 8-cell 
embryos of the ascidian, Halocynthia roretzi or aurantium, and cultured under 
conditions of cleavage arrest always differentiated into an epidermal phenotype, 
showing long-lasting Ca 2+ -dependent action potentials and/or tunic on the cell 
surface. a 4 . 2 blaatomeres contacted by a chordamesodermal blastomere, A 4 . v 
differentiated into a neural phenotype, characterized by fast Na + -dependent spikes. 
Differentiation to a similar neural phenotype occurred when isolated a 4 _ 2 blastomeres 
from //. aurantium embryos were treated with > 0 003 % subtilisin for 60 min at the 
32-cell stage of the control embryo. Comparisons between induction by cell contact 
and induction by proteolytic enzymes were made and showed them to be similar in 
several respects. 

2. When the serine protease, subtilisin, was used as the neural inducer, neural 
competence of a 42 blastomeres, measured as the percentage frequency of the 
induction of Na + spikes, increased after the 32-cell stage and decreased during the 
gastrula stage. The time course of the neural competence was the same as that for 
contact with the A A1 blastomere. 

3. The neural competence of four different ectodermal blastomeres isolated from 
the 16-cell embryo was also examined using subtilisin as a neural inducer, and by 
contact with the A 4 _ x blastomere from the 8-cell embryo. The competence was higher 
in anterior blastomeres than in posterior blastomeres for both types of induction. 
This regional difference in neural competence along the antero-posterior axis 
paralleled that expected from neural cell lineage during normal development, i.e. 
blastomeres with more cells of neural lineage among their derivatives showed higher 
competence. . 

4. Streptomyces subtilisin inhibitor, SST (0*1%), a specific protease inhibitor for 
subtilisin-type serine proteases, significantly suppressed (50%) neural induction of 
the ectodermal blastomere, a 4 _ 2 , by contact wtih the chordamesodermal blastomere, 

5. Monensin, brefeldin A and bafilomycin Al, all of which affect secretory 
processes, suppressed the neural inducing ability of the chordamesodermal 
blastomere, A^. v 

6. These results permit the hypothesis that a protease secreted from the 

MS 99ft* 
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chordamesoderm-generating blastomere induces the ectodermal blastomere to 
differentiate into neural cell type. ■ 

INTRODUCTION 

A simple system of neural induction has been reconstituted using two cleavage- 
arrested blastomeres isolated from ascidian-8-cell embryos. The blastomeres of 
ascidian embryos are known to differentiate even in the cleavage-arrested condition 
(Whittaker, 1973). The anterior-animal or ectodermal blastomere, « 4 . 3 , which gives 
rise to both epidermal and neural tissues in the normal development (Conklin, 1905; 
Nishida, 1987), generates sharp Na + spikes or long-lasting Ca 2+ action potentials, 
following neural or epidermal differentiation respectively, in cleavage-arrested 8-cell 
embryos of Halocynthiae (Hirano, Takahashi & Yamashita, 1984). When the 
blastomere was isolated at the 8-cell stage and cultured under cleavage-arrested 
conditions, it was always found to differentiate into an epidermal phenotype when 
examined electrophysiological^ and immunohistochemically, whereas, when it was 
, cultured in contact with an anterior-vegetal chordamesodermal blastomere, A 4 . l9 it 
differentiated almost exclusively into a neural phenotype (Okado & Takahashi, 
1988 ; 1990a, 6, summarized in Fig. 8 of b). This phenomenon is comparable to neural 
induction, which has been studied for a long time in the early development of 
amphibian (Spemann, 1938; Gurdon, 1987; Hamburger, 1988) and ascidian embryos 
(Rose 1939; Reverberi, 1971 ; Whittaker, 1987; Nishida & Satoh, 1989). Recently, in 
addition, we found that pronase, a mixture of proteolytic enzymes, has neural 
inducing activity in the cleavage-arrested ascidian blastomere (Okado & Takahashi, 
1990fr). 

There is some question as to whether the inducing activity of proteolytic enzymes 
is an essential process during induction by contact. To answer this, we have carried 
out three kinds of experiments. First, wc tried to identify some purified proteases 
which have the same inducing activity as pronase, since pronase is a mixture of 
multiple proteases and therefore complicates analysis of the inductive processes 
involved in neural differentiation. We show here that a purified serine protease, 
subtilisin, has potent inducing activity. Second, since subtilisin in combination with 
its specific inhibitor, Streptamyces subtilisin inhibitor, provided us with a method of 
applying the inducer at precise times, the time sequence of changes in neural 
competence induced by subtilisin was compared with that induced by cell contact. 
Third, the regional difference of neural competence induced by subtilisin in four 
different ectodermal blastomeres from the 16-cell embryo was determined and 
compared with that induced by contact with A 4 l . 

Tn addition, we have examined whether any protease inhibitors interfere with 
neural induction by cell contact, and whether substances that affect secretion, such 
as monensin, suppress induction. We suggest the inducer cell secretes a protease that 
acts on the competent cell to induce neural differentiation. 



METHODS 



Preparation 

Embryos of H. aurantium were exclusively used except in the case of Fig. 2A y where Halocynthia 
roretzi embryos were also used. Fertilized eggs of//, roretzi were obtained by mixing eggs spawned 
from one animal with sperm from another. Fertilized eggs of H. auranlhtm were obtained by mixing 
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eggs dissected from one animal and sperm from another, as described previously (Okado & 
Takahashi, 1990a, 6). The fertilized eggs were cultured in sea water at 9-10 °C until the 8- or 16- 
ecll stage, and their chorionic membranes were stripped with tine tungsten needles. Each naked 
embryo was transferred into sea water containing 2 fig/m\ cytochalasin B (Schroeder, 1978) to 
arrest cleavage. Blastomeres of dechorionated embryos at the 8-ceIl or 16-cell stage were separated 
mutually with a fine glass needle on a 0*4% agarose- coated surface, as described previously (Okado 
& Takahashi, 1990a). The identification of each blastomere at the 8-cell or 16-cell stage was made 
according to the description by Conklin (1905), as described previously (Hirano et al. 1984). The 
blastomeres isolated with fine glass needles were transferred into Millipore (0*22 /£m)-flltered sea 
water containing cytochalasin B (2 /eg/ml, Aldrich), streptomycin (20^g/ml) and penicillin 
(20/*g/ml) in 0 4 °/o agarose- coated microwells and cultured at 9-10 °C. The concentration of 
cytochalasin B was reduced from 2 to 0-2/tg/ml about 2*5-3-5 h after isolation. 

Determination of differentiation type by membrane excitability 

When the control intact embryo developed and became a tadpole larva after about 60 h, the 
differentiated phenotypes of the cleavage-arrested blastomeres were examined electrophysio- 
logically. The external solution consisted of (mM): NaCl, 400; SrCl 2 , 100; KCl, 10; Pipes-Na 
(piperazine- J V-iV'-bis(2-ethanesulphonic acid)), 5 (pH = 7 0); and 01% crystallized bovine serum 
albumin (Sigma). The blastomere was penetrated with a single microelectrode and the membrane 
potential held at -80 mV by applying constant current (Fig. 1). A depolarizing current pulse of 
120 ms duration was applied to generate action potentials. Blastomeres that developed spikes (Fig. 
1A ; Okado & Takahashi, 19906), composed of Na + , Ca 4+ and delayed K > channel currents, were 
regarded as having a neural phenotype. Blastomeres with long-lasting Sr 2+ action potentials due 
to Ca 2+ channels (Fig. IB) or which were difficult to penetrate because of the presence of tunic 
membrane on the surface, which is an epidermal marker, were regarded as having an epidermal 
phenotype. The latter type of blastomere was found to express an epidermal antigen contained in 
tunic, while the former did not (Okado & Takahashi, 1990a, b). When no regenerative response wa* 
observed (Fig. ID), blastomeres were regarded as being non-excitable, and were considered to have 
an incompletely developed epidermal phenotype or to have been injured during penetration. When 
evidence of an A-current was observed as a notch in the rising phase of a Ca 2+ (Sr 2+ )-dependent 
regenerative response (Fig. 1 C) y the blastomere was regarded as being of the A-current type or 
type-Il reported previously (Okado & Takahashi, 1990a). Only when the determination of type 
was obscure under current-clamp conditions, was voltage clamp applied by inserting another 
microelectrode as described previously (Okado & Takahashi, 1990a). 

Treatment with proteases 

As potential inducing agents for neural differentiation, various proteases were applied to the 
isolated and cleavage-arrested blastomere, a 4 _ 2 , at the 32-cell stage of the intact embryo. Pronase 
was purchased from Kaken Chemical Co. Ltd (Tokyo, Japan) as * Actinase E\ It was prepared as 
a 3% solution in sea water, dialysed against sea water at 3 °C and stored at -70 °C. It was diluted 
with sea water just before use. Trypsins type 1 (10000 BAEE unit/mg, chymotrypsin < 4 BAEE), 
type II (1000-2000 BAEE unit/mg, chymotrypsin 1000-2000 ATEE unit/mg), type III 
(10000-13000 BAEE unit/mg, chymotrypsin < 4 BAEE), type XI (diphenylcarbamyl chloride 
treated, 7500-9000 BAEE unit/mg chymotrypsin < 01 BAEE), type XIII (L-l-tosylamide-2- 
phenylethyl chloromethyl ketone treated, 10000-13000 BAEE unit/mg. chymotrypsin < 0*1 
BAEE), chymotrypsins type II (40-60 unit/mg), type VII (tfa-p-tosyl-L-lysine chloromethyl 
ketone treated, 40 60 unit/mg), collagenase type I and ficin (2 25% solution, 2-0 M NaCl and 0-03 M 
cistein) were all purchased from Sigma Chemical Co. (St Louis, MO, USA). Subtilisin and proteinase 
K were obtained from Boehringer-Mannheim Bioohemicals. Ficin was dialysed against sea water 
at 4 °C and diluted to 20 or 0*5% before use. The others were dissolved in sea water before use. 

Treatment with protease inhibitors 

Streptoniycts subtilisin inhibitor (SSI), was a gift from Professor Emeritus Ishii (Faculty of 
Pharmaceutical Sciences, Hokkaido University) and Professor Mitsui (Center for Physical Sciences, 
Nagaoka Institute of Technological Sciences). It was directly dissolved in sea water before use or 
a 0-2% stock solution in sea water, which was stored at —20 °C, was diluted before use. Phenyl- 
methyi-sulphonyl fluoride (PMSF), a 1 -antitrypsin, a2-macroglobulin and pepstatin. were pur- 
chased from Boehringer-Mannheim Biochemicals, antipain. chymostatin and pepstatin, E-64 from 
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Peptide Institute Inc. (Osaka, Japan) and aprotinin and diisopropyl fiuorophosphate (DFP) from 
Sigma. Pepstatin was dissolved at 2% in methanol and stored at —20 °C. E-64 was dissolved at 
2% in 50% ethanul and stored at —20 °C. DFP was dissolved at 1 m in absolute isopropanol and 
stored at 4 °C. PMSF was dissolved at 1 m in absolute dimethylsulphoxide (DMSO). Chymostatin 
was dissolved at 0-1 m in absolute DMSO and stored at —20 °C. Other inhibitors were dissolved 
directly in sea water. 



A Neural type 



B Epidermal type 





mV 




C A-current type 



D Non-excitable type 



200 ms 




01 



-50 



mV 



HI 



+2 1 
0 



JnA 



Fig. t. Examples of the electrical responses observed in differentiated blastomeres which 
were isolated from 16-cell embryos, cleavage-arrested and cultured. A t neural type 
differentiation in an a 5 . 4 blastomere induced by contact with A^ x . B f epidermal type 
differentiation observed in a b &4 blastomere by contact with A A . X . C, A-current type 
differentiation in a 6 5 . 4 blastomere by contact with A 4 . v D y non-excitable type observed 
in a 6 B . 4 blastomere induced by subtilisin at 0 005% for 60 min. All records made under 
current clamp. Upper and lower traces are potential and current records respectively. 



PMSF- and DFP-treated pronase solutions were made as follows. Stock solution of PMSF or 
DFP was added to 0 3 % pronase in sea water to give a final concentration of 1-10 mM. The mixture 
was incubated at 25 °C for 1 h and dialysed against sea water at 4 °C. 
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Treatment with m&nensin, brefeldin A or bafil&mycin A 1 

Monenain (sodium salt, Sigma) was dissolved at 20 mM in ethanol and stored at —20 d C. For use 
it was diluted in sea water to 1*0 or 01 /*m. Brefeldin A (Sandoz Company, Basel, Switzerland) was 
stored as a 10 mg/ml stock solution at —20 °C in absolute methanol. Bafilomycin Al was kindly 
given by Dr Y. Moriyama (Osaka University) as a 1 mM solution in absolute ethanol. 

RESULTS 

Neural inducing ability of proteases 

As reported previously (Okado & Takahashi, 19906), the cleavage- arrested 
blastomere, a 4 . 2 , isolated from ascidian embryos was induced to differentiate into a 
neural-type cell by treatment with pronase. The dose-response curve in Fig. 2A 
shows that the a 4 . 2 blastomere from H. aurantium was induced more readily than 
that from //. roretzi. For example, 0 02 % pronase treatment for 15 min at the 32-ceil 
stage induced 90% of the a 4 2 blastomeres of H. aurantium, but only 10% of H. 
roretzi. Subsequent experiments were performed using the more sensitive blasto- 
meres, that is, those of H. aurantium. 

Because pronase is a mixture of proteolytic enzymes produced by Streptomyces 
griseus, we tried to separate the individual proteases by chromatography on a CM- 
cellulose column according to Narahashi (1970) and to identify neura! inducing 
proteases. When the neural inducing activity of each fraction was examined, it was 
found that neural inducing ability of proteases did not always reflect common 
protease activity measured with the casein-275 nm method (Narahashi, 1970). There 
were two vague peaks of inducing activity, corresponding to the neutral protease and 
alkali protease peaks reported previously by Narahashi (1970). 

Since it is known that pronase consists for the most part of serine proteases, we 
examined whether the inducing ability of pronase was inhibited by treatment of 
serine protease inhibitors, such as DFP (not shown) or PMSF (Fig. 2£). We found 
that these inhibitors could reduce the inducing activity of pronase, but did not block 
it completely. For example, 10 mM PMSF inhibited the inducing activity of 0 2% 
pronase by 50%, although the percentage inhibition was greater at lower 
concentrations of pronase (Fig. 22?). This result suggested that not only serine 
proteases but also non-serine proteases in pronase had inducing ability. 

Because it is difficult to interpret the effect of a mixture of proteases, as found in 
pronase, we examined the inducing activity of various purified proteases (Fig. 2C). 
Since we applied enzymes in the concentration range from 0*005 to 2% and for 
durations of 15 or 60 min, the dose of enzymes was represented by concentration (%) 
multiplied by duration (min) as a unit in the graph (Fig. 2C). One serine protease, 
subtilisin (shown as filled triangles), had similar inducing ability to pronase (shown 
as a dashed line). The other serine proteases, trypsin and chymotrypsin, had less 
activity. The trypsins without contamination of chymotrypsin (types XT and XIII) 
had less inducing activity than crude trypsin (type II), although the former had more 
trypsin activity (BAEE activity) than the latter, indicating that the specific 
proteolytic activity of trypsin has poor neural inducing activity. The crude 
chymotrypsin (type II) and that without trypsin (type VII) also had low activity. 
Even a mixture of purified trypsin (type XIII) and chymotrypsin (type VII) showed 
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much less effect, indicating that neither trypsin nor ehyrnotrypsin are candidates for 
the potent inducing protease. The thiol protease, ficin, could induce neural 
differentiation of blastomeres only when used at a higher concentration (0-5%) for 
60 min, which was 100-fold higher than the amount of purified subtilisin (0*005% for 
60 min) required for neural induction. The fact that proteases other than serine 
proteases had inducing ability may be consistent with the observed partial inhibition 
of neural inducing activity of pronase by the serine protease inhibitors, DFP, or 
PMSF (Fig. 2B). The metal protease, collagenase, had no inducing activity even at 
0-5% for 60 min. Another dose-response curve of subtilisin was separately obtained 
as shown in Fig. 2D ; in this experiment subtilisin was applied for 60 min at the 32- 
cell stage of the control embryo. The threshold contration for Na + spike induction 
was about 0 003% or 115/^m. The effect of subtilisin (0 05% or 19 fiu) was blocked 
completely by the same concentration of Streptamyces subtilisin inhibitor (SSI, 
005% or 44 /uu as monomer), while SSI at the one-tenth of this concentration 
(0*005% or 4*4 /am) could not suppress the effect at all (Fig. 2D, open circle, open 
triangle and arrow; Tonomura, Sato, Miwa & Komiyama, 1985). The stoichiometry 
of the inhibition is known to be two molecules of subtilisin bound to the dimeric SSI 
(Tonomura et al. 1985). Therefore the neural inducing activity is due to the 
proteolytic activity of subtilisin itself. SSI could not inhibit the inducing ability of 
pronase at the same concentration. Hereafter, all experiments were done with 
subtilisin as the inducing protease. 

Time sequence of changes in neural competence of a 4 . 2 

In a previous study (Okado & Takahashi, 19906), we showed that the receptiveness 
of the a 4 _ 2 to pronase as well as competence to induction by contact was lost during 
the gastrula stage. We found, however, that sensitivity to pronase (2%, 15 min) 
existed as early as the 8-cell stage, while competence to induction by contact 
appeared only after the 32-cell stage. Thus, this discrepancy must be explained 
before we can determine the mechanisms underlying the two modes of induction. In 
the present study, by using various concentrations of subtilisin and SSI (Tonomura 
et aL 1985), the precise time sequence of changes in neural competence was examined. 
In the case of subtilisin at 0*05% for 60 min, the blastomere a 4 . 2 was induced at the 
8-cell stage to differentiate into a neural-type cell (filled circles) (Fig. 3.4). This result 
with subtilisin (0 05%, 60 min) is consistent with the previous result with pronase 
(2%, 15 min). In Fig. 3 the dashed lines represent neural competence of a 4 . 2 with 
induction by contact, which was reported previously (Okado & Takahashi, 19906). 
Tt was possible that the discrepancy between the time courses of neural competence 
by protease and by cell contact might result from an overdose of subtilisin which 
could cause a saturating effect even in a slightly competent phase. To test this 
possibility, the concentration of subtilisin was reduced to 0*005%. In this situation, 
at the 8-cell stage the a 4 . 2 did not differentiate neurally, but epidermally (Fig. 3B). 
Therefore, the discrepancy comes at least partially from the overdose of subtilisin. 
Another possibility is that some protease remained after washout with sea water and 
that this remaining protease showed residual activity subsequent to the time of 
treatment. In order to test this possibility, the blastomere was washed, after 
subtilisin treatment, with sea water containing SSI for 60 min (Fig. 3C). This 
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Fig. 3. Time sequence of changes in neural competence of a 4 . 2 blastomeres isolated from 
8-cell embryos of H. aurarUiwtn induced by treatment with subtilisin. The dashed lines 
represent the time sequence of neural competence of a 4 i induced by contact with A A . y , 
which was reported previously (g 0 and g t are early and middle substages within the 
gastrula stage; Okado & Takahashi, 19906). #, neural development. A, A-current type 
(previously called type-11; Okado & Takahashi, 19906) development. epidermal type 
development. Temperature was 9-10 °C in A, 10 °C in B and C, and 9 °C in D. A y the 
cleavage-arrested and isolated a 4 2 cells were treated with 0 05% subtilisin for 60 min at 
various stages. B, the cleavage-arrested and isolated a 4 . 2 cells were treated with 0*005% 
subtilisin for 60 min at various stages. 6\ the cleavage- arrested and isolated cells were 
treated with 0*01 % subtilisin for 60 min at various stages, and then they were immersed 
in sea water containing 0'01 % SSI for 60 min to wash out the remaining subtilisin. D t the 
cleavage-arrested and isolated a 4 t cells were treated with 0*05 % subtilisin for 60 min at 
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procedure had little effect. In order to suppress the remaining protease activity 
completely after washing, the blastomere was kept in sea water containing SSI until 
about the neurula stage (Fig. 3D). This experiment showed that the rising phase of 
neural competence induced by subtilisin agreed with that induced by contact with 
At_ x . These results indicate that treatment with subtilisin mimicked contact with^ 41 
well with regard to the time sequence of neural competence, both in the rising and 
fading phases. The applied subtilisin was difficult to eliminate by washing in sea 
water alone or in sea water containing SSI for a limited time, such as 60 min. 

Regional specificity of ectodermal blastomeres 

In addition to the anterior ectodermal blastomere, a 4 . 2 , the posterior 6 4 . 2 , isolated 
from the 8-cell embryo, was also neurally induced by contact with the anterior- 
vegetal blastomere A 4 .^ though less frequently, as described previously (Okado 
& Takahashi, 1990&). Thus, there was clear regional specificity of ectodermal 
blastomeres with respect to neural competence. It is important to determine whether 
this regional difference in competence was also observed by induction with protease. 
For this purpose, four ectodermal blastomeres isolated from 16-cell embryos, 
anterior a 5 . 3 , a 5 . 4 , posterior 6 5 , 3 and 6 5 . 4> located in order on the antero-posterior axis, 
were studied to examine more precisely the regional differences in neural competence 
along this axis and the results obtained from two modes of induction were compared. 
The isolated blastomeres from 16-cell embryos were cultured and placed in contact 
with the same inducing blastomere (isolated from the 8-cell stage) at the 64-cell 
stage of the control embryo. Two main differences were observed among the 
blastomeres. First, a & _ 3 and a 5 . 4 were induced to differentiate neurally with high 
frequency (>80%), while & 5 _ 3 and 6 6 . 4 were induced with only low frequency 
(< 40%) (Fig. 4). Second, A-current-type spikes developed characteristically in b 5 . 3 
and & 6 . 4 . These results indicated that the neural competence of ectoderm is already 
specified at the 16-cell stage. In fact, a previous study with pronase (Okado & 
Takahashi, 19906) indicated that as early as the 8-cell stage neural competence of the 
isolated a 4 2 , which is the parent cell of a 5 . 3 and a 5 _ 4 , is higher than that of the isolated 
6 4 . 2 , which is the parent cell of 6 5 3 and 6 5 4 . In b 4 . 2 the probability of Na+ spike 
induction was relatively low, while the A-current-type spikes were observed 
relatively frequently (Okado & Takahashi, 19906). Since A-current-type spikes were 
generally observed in^4 41 blastomeres from the 8-cell embryo (Okado & Takahashi, 
1990a) and 6 4 2 and A^. x both include presumptive spinal cord, the caudal portion of 
neural tissue of the tadpole larva (Nishida, 1987), it is inferred that A-current type 
spikes might be a cell membrane marker of spinal cord and/ or caudal neural tissue. 



various stages, and then they were immersed in sea water containing 0-1 % SSI until the 
neurula stage of intact embryos to inhibit activity of subtilisin completely. Cytochalasin 
H was reduced from 2 to 02 /ig/ml at the neurula stage. Abscissa, hours after the isolation 
of blastomeres at 8-cell stage. Thus, 2-5 h corresponds to 32-cell stage and plus 5 h 
corresponds to the transition from the 64-ccll to the 110-cell stage of the control embryo. 
Data from embryos of six batches wore combined. Ordinate, percentage frequencies of 
respective differentiation types indicated by the induction of Na + spikes, Ca 2+ (Sr 2+ )- 
dependent epidermal type action potential or A-current type spikes. The figures in 
parentheses are sample numbers used for calculation of percentage frequencies at 
respective developmental times. 



W:;^ 1 1 m ■ ~ ~ ' ' - ' " 

Material may be protect d by copyright law (Titl 17, U.S. Code) 



278 



H. OKADO AND K. TAKAHASHI 



Actually the A-eurrent type spikes were also observed in a 4 . 2 , although exceptionally, 
when the enzyme was applied at earlier stages such as the 8-cell or 16-cell stage, as 
shown in Fig. 3.4, B and D (filled triangles; Okado & Takahashi s 1990a). 



100 
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□ Epidermal type 
Non-excitable type 
A-currenttype 




as-3 044- 1) 
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Fig. 4. Neural competence of isolated and cleavage-arrested ectodermal blastomeres of 16- 
cell embryos of H. aurantium induced by contact with the blastomere from the 8-cell 
embryo. The ectodermal blastomeres, a 5 S (14 cells), « 5 . 4 (10), 6 5 . 3 (13) and 6 & . 4 (13) isolated 
from 16-cell embryos were placed in contact with A A l blastomeres isolated from 8-cell 
embryos at about the 64- cell stage of the control embryo, i.e. 2 h after the 16-cell stage. 
Data from embryos of three batches were combined. 



Since we did not know the real inducing activity of A 4 ^ in cell contact, it was 
necessary to analyse competence with subtilisin as an inducer at various levels of 
enzyme concentration (Fig. 5). The results were summarized as follows. First, 
regional differences in neural competence were revealed at subtilisin concentrations 
greater than 0*003 %, which is the threshold concentration for Na + spike development 
for all of the blastomeres except the 6 6 _ 4 . Second, the order of neural competence of 
the four blastomeres studied was a 53 > a 5 4 > 6 6 . 3 > = 6 5 . 4 . In blastomeres 6 6 . 3 and 
& s -4 the frequency of neural development was saturated at a level of less than 50% 
even when subtilisin was applied at concentration greater than 0*01 %. Third, in 6 5 . 3 
and 6 5 _ 4 A-current-type spikes developed following treatment with subtilisin (Fig. 5, 
&s-3> ^5-4) * n the case of induction by contact with A 4 , X1 but such spikes did not 
appear in a b Z and a 5 _ 4 . In addition to the epidermal type definitely identified by the 
presence of Ca 2+ (Sr 2+ ) action potentials and/or tunic, the non-excitable type was 
frequently observed in the 6 5 . 3 and b s . 4 following treatment with subtilisin at more 
than 0*003 %, but we considered that thus type may represent an incomplete form of 
epidermal development. A type of differentiation with only delayed outward current 
was observed in the case of 6 6 _ 3 and 6 5 . 4 treated with 0-2% subtilisin. We considered 
that a part of this type is an incomplete form of A-current-type spikes because the 
outward current was frequently associated with fast inactivation. Some injurious 
effects of the high dose treatment with subtilisin may be one of the reasons why 
incomplete forms appeared in significant numbers. However, it should be noted that 
Na + spikes induced in a 5 . 3 and a 5 . 4 with 0*2% subtilisin were well developed, 
comprising large Na + and delayed K + currents as reported previously (Okado & 
Takahashi, 19906). 
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Fig. 5. Neural competence of cleavage-arrested ectodermal blasto meres isolated from 16- 
cell embryos of H. auranlium and induced by subtilisin. The ectodermal blastomeres, a 5 3 
(49 cells), a 5 . 4 (44), 6 5 . 3 (74) and b 5 4 (58) isolated from 16-cell embryos were cleavage- 
arrested and treated with subtilisin at various concentrations from 0 to 0*2% for 60 min, 
at about the 64-cell stage of control embryos, i.e. 2 h after the 16-cell stage. Data from 
embryos of seven batches were combined. On the left side, are frequency histograms of the 
various differentiated phenotypes induced at various subtilisin concentrations. In the 
graphs on the right side, percentage frequencies of neural-type (#) and epidermal-type 
development (O) shown in the histograms were plotted against the dose of subtilisin on 
a semilogarithmic scale. 
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The percentage frequencies of defined neural- and epidermal-type development 
shown in Figs 4 and 5 are plotted according to the location of the blastomeres along 
the antero-posterior axis in Fig. 6^4 and B both for induction by subtilisin and by 
contact. Here, the percentage frequencies were considered to represent potencies of 



A Subtilisin 

Neural type Epidermal type 




i i 1 1 . i i i i 

05-3 35-4 b&-3 6&-4 ^5-3 a S-A *>5-3 *>5-4 



B Contact and in vivo 




■ 1 ... I i ii L , m ■ ii i± i ,„■■ ■ ' ' I 

*5-3 35.4 65.3 J> 5 -4 as-3 fl5-4 *>5-3 &5-4 

Fig. 6. Regional differences in neural competence in ectodermal blastomeres isolated from 
16-cell embryos. Percentage frequencies of neural and epidermal phenotypes are plotted 
according to the order of blastomeres along anterior— posterior axis. A, percentage 
frequency of neural and epidermal development induced by subtilisin was plotted against 
the location of blastomeres, calculated from the data in Fig. 5. B, percentage frequency 
of neural- and opidermal-type development induced by contact with was plotted 
similarly (calculated from the data shown in Fig. 4). The dotted lines with filled and open 
squares represent percentage ratios of cell numbers of presumptive neural and epidermal 
lineages respectively at the 1 10-cell stage derived from each ectodermal blastomere of the 
control 16-cell embryo for comparison with the regional differences in neural competence. 
The ratios were calculated tentatively, based on the differentiation type of derivatives 
from respective blastomeres according to the data reported by Nishida (1987). Brain, 
brainstem and pigment cells were regarded as neural tissues in the calculation. It is known 
that at the 1 10-cell stage most of the blastomeres are restricted to express a particular 
tissue (Nishida, 1987). However, where two or three kinds of tissue are expressed after 
development in the derivatives from a blastomere at the 1 10-cell stage, the number for the 
respective lineage was counted as a half or a third. 



neural or epidermal competence of the respective blastomeres. Dotted lines in Fig. 
6B illustrate the inferred ratio of presumptive neural and epidermal lineages at the 
1 10-cell stage, which are derived from respective blastomeres of the 16-cell embryos 
according to cell lineage studies in H. roretzi by Nishida (1987) obtained with HRP 
(horseradish peroxidase) aft a tracer. The number of cells neural lineage derived from 
ectodermal blastomeres decreases in the order a 5 _ 3 , a 5 _ 4 , 6 5 . 3 , 6 5 . 4 , assuming that brain, 
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brainstem and pigment cell are regarded as neural tissues (Nishida, 1987). The 
results shown in Fig. 6 led us to the following two conclusions. First, the regional 
difference of neural competence by subtilisin was similar to that by contact with A^. t , 
and, thus, the effect of subtilisin closely mimicked that of contact with A^. x , which 
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Fig. 7. A, hypothesis for neural induction by secreted proteases and schematic illustration 
for effects of externally applied SSI or monensin. B, effect of SSI on neural differentiation 
of a 4 . 2 blastomeres induced by contact with A^. The figures in parentheses are sample 
numbers for respective concentrations of SSI. The samples for 0*3 and 1*0% were 
combined because there were only three samples for each concentration. 



was regarded as the natural inducing stimulus in vivo. Second, the regional specificity 
for neural differentiation in normal development, as indicated by the difference in 
neural lineage populations derived from respective blastomeres (Fig. 6B), was largely 
paralleled by the regional difference of neural competence examined by either the 
foreign inducer, subtilisin, (Fig. 6 A) or the natural inducing stimulus, contact with 
i4 41 (Fig. 6B). This result suggested that neural competence was predetermined 
ahead of induction, probably by cytoplasmic segregation among blastomeres as early 
as at the 16-cell stage; that is likely also to be the case for neural development in 
vivo. However, Nishida (1987) showed in his cell lineage studies that 6 5 4 generates no 
neural tissue in vivo, while the present study clearly showed that 6 6 . 4 was as neurally 
competent as & 5 . 3 . This point will be discussed later. 



Effect of various protease inhibitors 

The above results led us to hypothesize that the inducing substance is a protease 
that it is secreted from A 4 . l% and that it induces the a 4 . 2 cell to differentiate into 
neural cell type (Fig. 7.4). To examine whether proteases really are involved in the 
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neural induction of a 4 _ a by A 4 . x , various protease inhibitors were added to sea water 
in microwells, each of which contained an a 4 . 2 and an A^ blastomere. The results 
obtained are illustrated in Table 1. They indicate that one of the specific serine 
protease inhibitors, SSI (Tonomura et aL 1985), and a wide-spectrum inhbiitor, a2- 
macroglobulin (Harpel, 1976), significantly inhibited neural induction. At 0*1 % SSI 



Table 1. Effect of various protease inhibitors on neural induction by contact 







Concentration 


Neural type 


Epidermal type 


Protease inhibitor 


Mol. wt. 


(% {mM)) 


(frequency (%)) 


(frequency (%)) 


\s\Jl\ Li \Ji 






23/26 (88} 


3/26 (12) 


Serine protease inhibitors 










Aprotinin 


6511 


0-1 (01 5) 


2/2 (100) 


0/2 (0) 


a 1 -antitrypsin 


54000 


0*4 (0-07) 


3/4 (75) 


0/ 4 (0)* 


SSI 


23000 as 


1-0 (0-440) 


1/3 (33) 


2/3 (67) 




dimer 












0*3 (0-132) 


2/3 (67) 


1/3 (33) 






0*1 (0*044) 


11/27 (41) 


12/27 (44)* 


T)FP 




(10) 


5/5 (100) 


0/5 (0) 






(1*0) 


3/3 (100) 


0/3 (0) 


Chymostatin 


ca. 600 


0*03 (0*5) 


5/5 (100) 


0/5 (0) 






0-006 (0-1) 


1/2 (50) 


0/2 (0)* 


Serine-thiol protease inhibitors 










Antipain 


604 


0-02 (0*3) 


4/4 (100) 


0/4 (0) 


Leupeptin 


460 


0-5 (10) 


2/2 (100) 


0/2(0) 




0*05(10) 


8/10 (80) 


0/10 (0)* 


Thiol protease inhibitor 










E-64 


357 


0-02 (0-5) 


2/2(100) 


0/2 (0) 


A&partyl protease inhibitor 










Pcpstatin 


685 


0-02 (0-3) 


4/4 (100) 


0/4 (0) 


Wide-spectrum inhibitor 










a2-rnanroglobulin 


ca. 800000 


1-0 (0 0125) 


1/7(14) 


2/7 (29)* 




as tetramer 












0-3 (0-00375) 


2/3 (67) 


1/3 (33) 






0-1 (000125) 


2/4 (50) 


2/4 (50) 



The a 4 . 2 and blastomeres were isolated from 8-celI embryos of //. aurantiwn, cleavage-arrested 
and cultured separately with 2 /<g/cytochalasin B. Two hours after isolation the A A . X cells were 
immersed in sea water containing the protease inhibitor. Two and half hours after isolation a 4 . z cells 
were put in contact with the treated A 4 . x cell, kept in sea water containing various protease 
inhibitors and cultured. At the neurula stage of the control embryo the a 4 . s cell in contact with the 
A 4 . x cell was transferred into protease inhibitor-free sea water. The concentration of cytoehalasin 
B was reduced from 2 to 0*2 /tg/ml at the time of contact, i.e. 2-5 h after isolation. Reduction of 
cytoehalasin B facilitates the contact (Okado & Takahashi, 1990 b). Asterisks in the 1 epidermal 
type' column indicate that blastomeres other than neural or epidermal type in respective 
experiments were of the non -excitable type which was likely to be an incomplete form of the 
epidermal phenotype. 

inhibited neural induction in 50% of cases, but even higher concentrations of SSI, 0'3 
or 1 %, did not increase this level of inhibition (Fig. IB; Table 1). a2-Macroglobulin 
at high concentration (1 %) inhibited neural development significantly, but definite 
epidermal type differentiation was relatively rare and a high percentage (57 %) of the 
blastomeres became non-excitable (Table 1). The other serine protease inhibitors, 
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thiol protease inhibitors and aspartyl protease inhibitors had no effect (Table 1). 
Incompleteness of inhibition with SSI could be explained in the following two ways: 
first, other proteases which were insensitive to the above inhibitors also contribute 
to neural induction; second, SSI may not have easy access to the intercellular space 
between the contacting membranes of a 4 . 2 and A 4 . Y during the induction phase 
(Fig. 7 A). 

Effect of substances affecting secretion ; monensin, brefeldin A and bafilomycin A 1 

Monensin, a carboxylic Na + -H + ionophore isolated from Streptomyces cin- 
namonensis, is known to interfere with the intracellular pathway through the Golgi 
apparatus that is responsible for processing secretory proteins or assembling integral 
proteins into the membrane. It is also known that monensin causes a rapid swelling 
of the Golgi apparatus (Tartakoff, 1983). To test whether a secretory process is 
involved in neural induction, the effects of monensin on neural induction were 
examined. The a 4 . 2 and A vl blastomeres isolated at the 8-cell stage were cultured 
separately and placed in contact with each other for 6 h from the 32-cell stage to the 
late gastrula stage, during which 01 /*m monensin was applied (Fig. 8 A). In all six 
cases examined monensin inhibited neural induction in a 4 . 2 blastomeres and directed 
differentiation towards an epidermal phenotype. In five control experiments a 4 . 2 
blastomeres from the same batch were induced to differentiate neurally in all cases. 
To exclude the possibility that monensin interferes with neural development itself 
after induction, we showed that a 4 _ 2 blastomeres treated with subtilisin (0 05% for 
60 min) developed a neural phenotype even when kept in sea water containing 01 jinl 
monensin for 6 h after the treatment (n = 6, Fig. SB). To determine whether 
monensin affected a 4 2 or A 41} either blastomere was kept in sea water containing 
monensin (1 fiu for 60 min) and washed just before contact (Fig. 8C and D). Only 
when the inducing blastomere, A A . lt was treated with monensin was neural induction 
significantly suppressed, suggesting that some secretory process in the A Aml was 
necessary for neural induction. Although monensin affected inductive activity of A 4 . x 
it did not significantly alter the frequency of occurrence of the various phenotypes 
of A A _^ after differentiation, the blastomere showing A-current type spikes or 
epidermal type action potentials or becoming non-excitable, similar to those 
described previously (Okado & Takahashi, 1990a, b). 

We also examined the effects of other secretion blocking agents: brefeldin A 
(Misumi, Misurni, Miki, Takatsuki, Tamura & Ikehara, 1986), which provokes 
dynamic resorption of most of the membranes of the Golgi apparatus into the 
endoplasmic reticulum and results in blocking transport of secretory proteins to 
post-Golgi compartments (Misumi et al. 1986; Lippincott-Schwartz, Yuan, Boni- 
facino & Klausner, 1989), and bafilomycin Al (Umata, Moriyama, Futai & 
Medkada, 1990), which is a specific inhibitor of vacuolar-type H + -ATPases and 
possibly blocks transport processes in the Golgi apparatus. Both brefeldin A 
(10 /tg/ml) and bafilomycin Al (1 jam) inhibited the neural inducing ability of A^. 
When A 41 blastomeres were pre- treated with brefeldin A for 60 min and washed 
before being placed in contact with a 4 . 3 blastomeres, no a 42 blastomeres differentiated 
neurally ; they all developed an epidermal phenotype (n = 5). Treatment of A 41 
blastomeres with a lower concentration (1 /*g/ml) of brefeldin A showed a much less 



284 



H. OKADO AND K. TAKAHASHI 
A Monensin effect 




Monensin (0-1 //M, 6 h) 



Control, neural type 5/5 
Monensin, epidermal type 6/6 



a 



a 4-2 



O 



Monensin (0-1 /jm, 6 h) 

— ► - 

t 

Subtilisin (0-05%, 60 min) 



o 



Neural type 6/6 



C Monensin effect on 34.2 



D Monensin effect on ^4-1 



44., O 



Monensin (90 min) 



Monensin (90 min) 



100 

g 80 

£ 60 
c 

g- 40 

i 20 i 
0 



Li 



tm is 
□ E 
@ i^ 
_ 



Neural type £" 60 
□ Epidermal type | 
Non-excitable g" 




1 /iM 0 JiM 

Monensin concentration 



1 /iM 0 /iM 

Monensin concentration 



Fig. 8. Effect of monensin on a 4 2 and A A , X of //. aurantium embryo during neural 
induction. A, the cleavage-arrested and isolated a 4 . g blastomere was contacted by the 
bias tome re at the 32-cell stage of control embryos in sea water containing 0-1 jm 
monensin for 6 h. They were then washed, separated and cultured without monensin. All 
of six cases failed to differentiate neural ly, but differentiated epidermal ly. Control 
experiments without monensin were similarly performed with blastomeres from the same 
batch of embryos. All of five cases differentiated nourally. B, the a A . 2 was treated with 
0*05% subtilisin for 60 min at the 32-cell stage of control embryos, and transferred into 
sea water containing 0-1 jim monensin for 6 h. In all of six cases a A 2 differentiated 
neurally. C, the A 4 , was immersed in sea water containing 1 /m monensin for 90 min 
about 1 h after the 8-cell stage before contacting with a A 4 . The lower part shows a 
histogram of percentage frequencies of differentiation type; n = 17 for the experiment 
and n = 15 for the control (0/im). Z), the a 4 . 2 was treated before contact. The procedure 
was similar to that in C: n = 1 1 for the experiment and n = 15 for the control (0 /iM). The 
data from three batches of embryos were combined for Fig. and D. In all cases, the 
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significant effect, with two out of four contacted a 4 . 2 blastomeres adopting a neural 
phenotype. To rule out direct epidermalizing effects on a 4 2 by an brefeldin A that 
might remain on the A 4 . t after washing, four a 4 2 blastomeres neurally induced by 
subtilisin (0 05% for 60 min) were treated directly by applying brefeldin A at a 
concentration of 10 fig/m\ for 10 h. Three (two with Na**" spikes and one with delayed 
K + current only) out of four became neural in type and one became non-excitable. 
This shows that direct application of brefeldin A slightly suppressed neural 
development. However, it seems unlikely that the amount of brefeldin A that might 
remain on A^ blastomeres would have direct effects on a 4 . 2 . The suppressing effect 
of bafilomycin Al (1 /im) on A 41 was relatively weak. Three out of eleven a 4 . 2 
blastomeres, which were in contact with A 4 _^ blastomeres treated by bafilomycin Al 
(1 /m for 60 min) before contact, differentiated into epidermal type, three 
differentiated neurally and the remaining five showed small regenerative responses 
possibly due to 0a 2+ (Sr 2+ ) currents. When four a 4 . 2 blastomeres induced by subtilisin 
(0*05 % for 60 min) were treated with the same concentration of bafilomycin Al , they 
all differentiated neurally, indicating no direct effect of the drug on a 4 _ 2 . Ail the above 
results suggest that neural induction requires some secretory processes or transport 
processes through the Golgi apparatus in the inducer blastomere, A 41 . 

DISCUSSION 

Protease as a neural inducer 

in the present experiments we found that subtilisin, a serine protease, had potent 
neural inducing activity on the ascidian presumptive neural blastomere, a 4 . 2 , and 
mimicked the in vivo inducing activity of A 4 . x blastomeres by showing both a similar 
time sequence of changes in neural competence of a 4 2 blastomeres, and the same 
regional difference in neural competence among ectodermal blastomeres of 8- or 16- 
cell embryos. Further, it was found that natural induction by contact with A 4 j could 
be partially suppressed by the subtilisin inhibitor, SSL 

In 1979, it was reported that trypsin, another serine protease, can induce some 
neural structures, namely pigment spots and a tissue-specific enzyme, brain pigment 
cell tyrosinase, in animal quartets isolated from 8-cell embryos of A scidia maldia and 
Phallusia mamilata, and cultured independently of the natural inducer in the 
anterior-vegetal quartet (Ortolani, Patricolo & Mansueto, 1979). Since, in our case, 
the inducing ability of subtilisin w T as greater than that of trypsin, it is safe to 
conclude that some proteases, possibly serine proteases, can have neural inducing 
activity on ascidian ectoderms. In embryos of other species, although proteases are 
not regarded as candidates for the neural inducer, a few papers suggest the 
involvement of proteolysis in neural development. For example, it is reported that 
the dorsal lip has a higher catheptic activity than ventral tissue in the early gastrula 
oiDiscoglossuspictus (D'Amelio & Ceas, 1957) or Xenopiw laews (Deuchar, 1958), and 
that the injection of endopeptidase inhibitors into the dorsal region of Xenopus 



concentration of cytochalasin B was redu<*ed from 2 to 0*2 /*g/ml at the time of contact, 
that is, 2*5 h after isolation. Reduction of cytochalasin B facilitates contact (Okado & 
i Takahashi, 19906). 
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embryos causes abnormal gastrulation and defects of the eye and neural tube 
formation (Miyata & Kihara, 1987). However, in these reports they have stressed 
roles for proteolysis mainly in new protein synthesis during gastrulation and have not 
discussed the possibility of an involvement in neural inducing activity. 

Possible mechanisms of neural induction by proteases 

Since subtilisin mimicked the in vivo inducing activity and secretory process 
inhibitors, monensin, brefeldin A and bafilomycin Al , affected induction by contact, 
it is natural to have a working hypothesis that some inducing protease is secreted 
from the inducing A 4 . x blastomere and that the released protease interacts with some 
receptor on the membrane of neurally competent blastomeres, producing intra- 
cellular signals to switch the cell fate (Fig. 1A). 

Recently, genetic studies on Drosophila melanogaster development have disclosed 
that eleven maternal genes are involved in the specification of dorsal-ventral pattern 
at the beginning of development, i.e. the non-cellular or cellular blastoderm stage 
(DeLotto & Spierer, 1986). Of the eleven genes, dorsal, snake, easier and toll have been 
cloned and the primary structures of their encoded proteins have been clarified 
(Hashimoto, Hudson & Anderson, 1988; Steward, Zusman, Huang & Schedl, 1988; 
Chasan & Anderson, 1989). The embryos from mutant mothers, such as dl/dl females, 
develop in such a way that normal ventro-lateral pattern elements, which include 
presumptive neuroepithelial region, are displaced or absent and replaced by dorsal 
pattern elements (DeLotto & Spierer, 1986). Intensive molecular biological studies 
have shown that the loll gene appears to encode a transmembrane protein 
(Hashimoto et aL 1988) and both snake and easier genes seems to encode 
extracytoplasmic serine proteases (DeLotto & Spierer, 1986; Chasan & Anderson, 
1989). These studies suggest that toll and snake and/or easter may interact each other 
to produce intracellular signals which will be transmitted to the dorsal protein, 
possibly one of the DNA binding proteins closely related to the avian cellular 
oncogene e-reZ (Steward et cd. 1988), and to direct the cells in the dorsaZ-activated part 
of the blastoderm to form ventral elements (Hashimoto et aL 1988). Thus, by 
analogy, it is highly probable that some serine protease, which is released, interacts 
with a membrane receptor, activating the receptor and resulting in neural induction 
of ascidian ectodermal blastomeres. 

There are, however, many other possibilities which could explain the induction of 
ascidian blastomeres by proteases. Recently, Grunz & Tacke (1989) have shown that 
when Xenopus laevis blastula or early gastrula ectoderm is dissociated and the cells 
kept dispersed for up to 5 h prior to reaggregation, the resulting spheres of 
ectodermal cells differentiate autonomously into large neural structures inde- 
pendently of the neural inducer, while dissociated and immediately reaggregated 
ectoderm will only differentiate into ciliated epidermis, in accordance with the 
classical experiments. This autoneutralization can be prevented by cell supernatant 
from dissociated ectoderm, which contains extracellular matrix components (ECM) 
(Grunz & Tacke, 1990). The inhibiting substances contain a substantial amount of 
glyco-conjugated proteins, because the inhibitory effects are inactivated by phenol 
extraction (Grunz & Tacke, 1990). Although possible proteolysis of this inhibitory 
ECM was not discussed by the authors, limited degradation of the ECM around 
competent blastomeres of the ascidian embryo might be provoked by the applied 
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proteases, resulting in differentiation of the ectoderm blastomeres into neural 
derivatives. Since our way of isolating blastomeres with a glass needle was likely to 
keep the ECM intact, it is also possible that the release of degrading proteases occurs 
during induction by contact and that those proteases specifically destroy a local 
extracellular structure, which normally suppresses the autonomous neural dif- 
ferentiation of competent ectodermal cells. 

In the present experiments, the secretory process inhibitors, monensin, brefeldin 
A and bafilomycin Al, affected neural induction, allowing us to h} 7 pothesize that an 
inducer protease is secreted by inducing blastomeres (Fig. 7 A). In fact, the secretion 
of serine proteases from the same Halocynthia eggs into the peri vitelline space has 
been suggested to occur during fertilization or after activation by the ionophore 
A231 87, since expansion of the perivitelline space just after egg activation is blocked 
by various serine protease inhibitors. Furthermore, the ranking of inhibitory 
potencies among inhibitors correlates well with those of the trypsin-like proteases 
purified from eggs (Sawada, Kawahigashi, Yokosawa & Ishii, 1985). This type of 
protease secretion has also been demonstrated in mouse eggs in the case of the 
breakdown of the zona pellucida glycoprotein (Moller & Wasserman, 1989). Thus, the 
blastomeres from the early 8-cell Halocynthia embrj'o may retain a mechanism for 
releasing proteases. . 

The roles of extracellularly released proteinases in cellular invasiveness, such as 
angiogenesis, tumour metastasis, wound healing and migration of cells during 
development, have been well documented (Mullins & Rohrlich, 1983), the importance 
being further demonstrated in the case of eversion of the insect imaginal disc (Pino- 
Heiss & Schubiger, 1989) and neurite growth of cultured neurones (Pittman, 1985). 
If a protease is an inducer in contact-mediated induction, the regulated proteolysis 
may be required to localize at the site of cell-cell contact. This could be achieved 
partly through membrane bound proteases and partly through a ubiquitous presence 
of protease inhibitors. The appearance of membrane-bound proteases has been 
reported during transformation of an embryonic fibroblast line {Chen & Chen, 1987), 
and also during degradation of serum amyloid protein A by mononuclear leukocytes 
(Zucker-Franklin, Lavie & Franklin, 1981). Recently, the physiological significance 
of membrane-bound subtilisin-type serine proteases has been well documented in 
the processing of prohormones, the proteases being defined as dibasic processing 
endopeptidase {Barr, 1991). Subtilisin and sublisin-like serine proteases have long 
been considered to be only of prokaryotic origin, but since the discovery of the KEX2 
endoprotease as a subtilisin-like enzyme that cleaves the pro-a-factor, a mating 
hormone, in Saccharomyces cerevisiae (Mizuno, Nakamura, Oshima, Tanaka & 
Matsuo, 1988; Fuller, Brake & Thorner, 1989), several homologues of this enzyme 
have been cloned in mammals, including furin/PACE, which is known as a receptor- 
like protein, and the gene of which is located just ahead of a proto-oncogene 
(Bresnahan, Leduc, Thomas, Thorner, Gibson, Brake, Barr & Thomas, 1990). 
Although the subtilisin-like membrane-bound proteases are all suggested to be 
located in rough endoplasmic membranes or Golgi apparatus membranes (Barr, 
1991). an interesting question arises as to whether the fact that subtilisin is much 
more effective than other proteases in the Halocynthia embryo is related to the 
activation of pro-receptors by dibasic processing endopeptidases bound to the 
surface membrane of the inducing blastomere. It should also be noticed as one of the 
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possible ways of activating receptors with proteolytic enzymes that Vu et al. (Vu, 
Hung, Wheaton & Coughlin, 1991) have demonstrated that a new amino- terminal of 
thrombin receptor created by cleavage with thrombin works as a tethered ligand and 
activates the receptor. 

In order to prove the working hypothesis presented in the present paper, it is, 
however, necessary to identify the protease on the surface membrane of the inducing 
blastomere, A 4 . x , at the time of induction and/or to identify a receptive element or 
elements on the membrane of the competent blastomere, a 4 2 , that is common to both 
induction by proteases and induction by contact. 

Early determination of neural competence 

The anterior half of the ectoderm has a larger presumptive region for neural tissues 
than the posterior half (Conklin, 1905; Nishida, 1987). It is questioned whether this 
regional specificity in neural development depends entirely on the regional difference 
in competence of the blastomeres to be induced. In our previous report, a regional 
difference of neural competence was demonstrated between anterior and posterior 
ectodermal blastomeres in 8-cell embryos (Okado & Takahashi, 19906) and, in the 
present experiment, among four ectodermal blastomeres in the 16-cell embryo. These 
studies revealed that anterior blastomeres in ectoderm were neurally induced with 
higher frequency than posterior blastomeres (Fig. 6 A and B). This tendency is 
consistent with the more neural lineage in the anterior half of the ectoderm reported 
by Nishida (1987) in normal development, as shown in Fig. 6C. Therefore, the 
regional specificity of neural development in vivo is largely derived from the regional 
difference of neural competence among ectodermal blastomeres. Since the ascidian 
egg has long been considered as a typical mosaic one (Conklin, 1905), it is claimed 
that the apparent inductive formation of neural tissues is not a real one but simply 
results from evocation of a predetermined neural lineage (Reverberi, 1971). Our 
present results appear to confirm this claim by demonstrating the importance of 
predetermination of the neural competence ahead of induction. However, in order to 
discuss the issue completely, the regional difference of inducing activity among 
inducing blastomeres is also required to be examined. Further, although the b 5 . 4 
blastomere has no neural fates in vivo (Nishida, 1987), it was induced to become a 
neural-type cell by treatment with subtilisin or by contact with the A 4 , x blastomere, 
switching the developmental fate from epidermal to neural. This discrepancy is most 
probably due to inaccessibility of 6 5 . 4 derivatives to the derivatives of in the 
normal embryo during the gastrula stage. In this case the morphogenetic movement 
of inducer blastomeres relative to competent blastomeres in vivo could be considered 
| j to be the cause of regional specificity. It is thus concluded that induction actually 

occurs in the ascidian embryo and that the difference in predetermined competence 
is not the only factor underlying regional specificity in neural development, as shown 
in other vertebrate embryos. 
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Abstract Bone marrow stromal cells give rise to osteoprogenitor cell (OPC) colonies, with characteristic 
mineralized bone nodules in vitro. During differentiation, OPCs in the culture are surrounded by heterogeneous 
populations of various cell lineages and by different OPC differentiation stages. In the present study, attempts were 
made to increase the homogeneity of OPCs in culture. The reliance on energy metabolism restricted to glycolysis, which 
is specific to the premineralizing skeletal ceils, was tested as a selectable marker for cells in this stage. Day 12 alkaline 
phosphatase (ALP) and day 20-21 calcium precipitates were used as early and late OPC differentiation markers. 
Malonate, a competitive inhibitor of succinate dehydrogenase, was added to the OPC stimulation medium, to interfere 
with the Krebs cycle-dependent energy metabolism operating in most of the stromal cells. OPCs that entered the stage 
of energy metabolism restricted to glycolysis were expected to become malonate resistant. Malonate showed dose and 
time dependence, 1 0 mM malonate added on day 3, decreased day 1 2 ALP activity/well to the lowest level. Variations in 
time and length of exposure to malonate used during the first 12 days of differentiation showed an inverse correlation 
between specific ALP activity and cell yield. Malonate-treated variations of specific ALP and of cell yield indices were up 
to 30- to 40-fold larger than variations within day 21 calcium precipitates. Thus, calcifying cells were almost unchanged 
relatively to noncalcifying cells. These results indicate that malonate-resistant cells are mostly selected, rather than 
induced, to differentiate by malonate. The results also show that stromal derived OPCs undergo a similar biochemical 
stage as in chondrocytes. © 1993 wiley-Liss, inc. 

Key words: energy metabolism, glycolysis, differentiation stage, alkaline phosphatase, mineralization 



During differentiation, skeletal cells undergo 
a transient biochemical alteration, their micro- 
environment becomes hypoxic [Brighton and 
Heppenstall, 1971], and their redox state is 
changing [Shapiro et al., 1982]. During hypoxia 
observed at the growth plate microenvironment, 
the chondrocytes rely on glycolysis as a source of 
energy. This biochemical alteration is character- 
istic of a differentiation stage in these cells and 
should provide an opportunity to enrich selec- 
tively osteoprogenitor cells (OPCs) at their 
"anaerobic" stage relative to the surrounding 
majority of non-OPCs that use more energy 
from ' 'aerobic' ' metabolism. Hypothetically, at 
their anaerobic glycolytic stage, unlike other 
cells, OPCs should be selectively resistant to 
blockers of the "postglycolytic" pathway. 
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The aerobic energy metabolism depends on 
reactions catalyzed by mitochondrial enzymes of 
the citric acid cycle. Therefore diminishing the 
citric acid cycle efficiency by blocking key en- 
zymes is expected to arrest cell proliferation and 
cellular functions of non-OPCs or OPCs in their 
aerobic stage. 

The mitochondria, in which the citrate acid 
cycle occurs, also participates in controling the 
cellular calcium metabolism in both soft and 
hard tissues. The mitochondria in various soft 
tissues accumulates calcium [Carafoli and Sot- 
tocasa, 1984] by a metabolism-dependent pro- 
cess, but mitochondria in skeletal cells presum- 
ably have an additional mechanism for calcium 
binding [Shapiro and Lee, 1975]. It was also 
found that calcium precipitation in the growth 
plate is preceded by calcium efflux from mito- 
chondria [Brighton and Hunt, 1978]. Chondro- 
cytic mitochondria accumulates calcium in a 
crystallized form [Lehninger, 1970], which is 
released when cartilage mineralization takes 
place. The mechanism whereby calcium is ex- 
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truded from skeletal cell mitochondria has not 
been completely determined yet, but studies in 
the past have elucidated part of this process. It 
is known for long that cell under low oxygen 
tension restrict their energy utilization to the 
premitochondrial glucolytic pathway (anaerobic 
metabolism) [Krebs, 1953]. A shift to glycolytic 
metabolism has indeed been observed between 
the proliferative zone and the hypertrophic con- 
drocytes before entering to the mineralizing front 
in the growth plate [Brighton et al., 1969]. Un- 
der anaerobic conditions, molecular oxygen is 
less available in the mitochondria to cooperate 
with oxidative phosphorylation and extrusion of 
NADH-derived protons. Accordingly, it has been 
found that under anaerobic conditions, in the 
hypertrophic chondrocytes of the growth plate, 
the NADH/NAD ratio is elevated [Shapiro, 
1982]. Earlier it was found that a lower cytosolic 
pH and accumulation of phosphoenol pyruvate, 
both characteristic of a glycolytic anaerobic me- 
tabolism, are associated with calcium release 
from chondrocyte mytochondria [Shapiro and 
Lee, 1978]. Also the stroma derived OPCs pre- 
sumably undergo a stage with characteristics of 
anaerobic metabolism during stromal cell differ- 
entiation. Stromal cells constitute a heteroge- 
neous population [Owen et al., 1987]; further- 
more, OPCs themselves at any time in culture 
constitute a heterogeneous population [Rodan 
et al., 1988]. In order to analyse a homogeneous 
population of a single OPC differentiation stage, 
it is necessary to enrich the cell population with 
this particular stage. In the present publication, 
we describe the effect of sodium malonate, a 
competitive inhibitor of succinate dehydroge- 
nase, on the relative enrichment of stromal cell- 
derived OPCs in culture. 

MATERIALS AND METHODS 
Reagents 

ALP kit 104 LL, sodium malonate, dexameth- 
asone, ascorbate, p -glycerophosphate, Alizarin 
Red S, Light Green SF Yellowish were pur- 
chased from Sigma, St. Louis, MO. Fetal calf 
serum (FCS) was purchased from Grand Island 
Biological Company, N.Y. 

Stromal Cell Culture 

Bone marrow cell suspensions obtained from 
femurs and tibiae of female Sabra rats, weighing 
60-80 g, were seeded in 25-cm 2 flasks, 10 8 cells/ 
flask. The stroma cells were obtained as de- 



scribed by [Maniatopoulos et al., 1988], remov- 
ing the nonadherent hematopoietic cells during 
the first 10 days of culture. The remaining adher- 
ent stromal cells were propagated in the same 
maintenance medium, that consisted of DMEM 
(Dulbecco modified Eagle's medium) supple- 
mented with 15% fetal calf serum and antibiot- 
ics, in a humid 10% C0 2 atmosphere. For the 
experimental cultures stroma cells were re- 
moved 2 weeks later by trypsinization and were 
plated in microtiter plates, 5,000 cells/well and 
grown in osteoprogenitor cell (OPC) stimulation 
medium. This consisted of maintenance me- 
dium containing 10" 8 M dexamethasone, 50 ^g 
ascorbate/ml and 10 mM (^glycerophosphate. 

Alkaline Phosphatase Activity Assay 

Alkaline phosphatase (ALP) activity was mea- 
sured in situ in microtiter plates. ALP activity in 
primary bone cell cultures was shown to peak 
between days 10 and 12 [Deren et al., 1990]; 
therefore, day 12 of dexamethasone stimulation 
was set for ALP assay and cell count. Growth 
medium was removed, and the cells were washed 
twice in situ with 0.2 ml TNC (50 mM Tris, 150 
mM NaCl pH 7.6). ALP substrate, pNPP (p- 
nitrophenyl phosphate) in TNC, 1.33 mg/ml, 
was dispensed 0.2 ml/well Plates were placed in 
the tissue culture incubator for 90 min, and the 
optical density of the hydrolysed pNPP was mea- 
sured in a multichannel spectrophotometer at 
405-nm wavelength. ALP activity was expressed 
either as nMol/time/cell (or per well) or as O.D. 
units. For experiments that required propaga- 
tion of the same cells in culture, after undergo- 
ing an in situ ALP assay, the procedure was 
carried out under sterile conditions. A translu- 
cent sterile coverslip was placed on the plates 
during the spectrophotometry. Immediately fol- 
lowing O.D. determination the substrate was 
replaced by growth medium, after the cells were 
washed once with TNC, to continue their propa- 
gation in culture. 

For a study of the levamisole effect on stromal 
differentiation (submitted), it was necessary to 
determine whether in situ ALP activity at pH 
7.6 correlates with the activity at pH 10.3. The 
assay at both pH conditions was performed in 
tandem in each plate. The linear regression for 
cells grown in OPC inductive medium showed a 
direct correlation (r = 0.839) between phospha- 
tase assays at both pH conditions, this is accept- 
able considering the nature of such a cellular 
assay. The linear regression of the enzyme ac- 
tivities in cells cultivated in the presence of le- 
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vamisol, showed an even better correlation 
(r = 0.919). This result indicates that 90-min 
incubation at pH 7.6 is adequate for compara- 
tive ALP assays if groups with multiple samples 
are being compared. 

Quantitative Cell Staining 

After the ALP assay, in some of the experi- 
ments, cells were stained using the methylene 
blue (MB) method [Goldman and Bar-Shavit, 
1979]. The cells were fixed in 0.5% glutaralde- 
hyde for 30 min, rinsed with D H 2 0, and air- 
dried overnight. Borate buffer (0.1 M boric acid 
brought to pH 8.5 with NaOH) 0.2 ml/well, was 
added to the cells for 2 min and rinsed with tap 
water. Cells were then incubated in 0.1 ml of 1% 
MB in borate buffer for 60 min at room temper- 
ature, rinsed with water, and air dried. The MB 
was then eluted from the stained cells by incuba- 
tion with 0.2 ml of 0.1 N HC1 at 37°C for 60 min. . 
The O.D. of the eluted MB was measured at 620 
nm by a multichannel spectrophotometer; 1.0 
unit is equivalent to 5 x 10 4 stromal cells. 

Measurement of In Vitro Precipitated Calcium 

After 2 weeks of culture in OPC stimulation, 
medium calcium precipitates began to appear 
around some of the stroma cells, demonstrable 
by Alizarin Red as an orange-red staining. To 
quantitate these precipitates plates were washed 
twice with TNC and incubated in 0.5 N HC1 
overnight. Appropriately diluted samples were 
measured by atomic absorption against stan- 
dard samples of known calcium concentrations. 
The precipitates were expressed as |xg Ca/well. 

Alizarin Red S Staining 

For a semiquantitative demonstration of min- 
eralization, 20- to 21 -day-old stimulated cul- 
tures were fixed 20 min in undiluted methanol. 
Subsequently 1.0 g Alizarin sodium sulfate (Sig- 
ma A-3757) in an aqueous solution of 0.1% 
NH 4 OH was applied to the cultures for 2 min 
and then washed 3 times with distilled water. 
The cultures were counter stained for 2 min 
with 1% Light Green SF Yellowish (Sigma 
L-5382) in 1% acetic acid. Cultures were air- 
dried after rinsing with distilled water. 

RESULTS 

Determination of ALP Activity During Stromal 
Cell Differentiation 

Before testing the ability of malonate to affect 
stromal cell commitment to day 21 mineraliza- 



tion (as related to ALP activity), determination 
of the appropriate day for ALP assay was re- 
quired. Stromal cells were cultured with OPC 
stimulation medium containing dexametha- 
sone, ascorbate, and pGP. ALP activity and cell 
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Fig. 1. Effect of OPC stimulation medium on stromal cell 
quantity, on ALP activity, and on specific ALP activity. On day 
(-)3, microtiter wells were seeded with 3 x 10 3 cells/well and 
on day 0 the medium was changed to OPC stimulation medium. 
ALP activity was measured and the methylene blue cell count 
was performed at several time intervals, a separate plate was 
assigned to each time point. Each point represents the mean 
±SE of 20 microtiter wells. 
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quantitation were performed during differentia- 
tion at different time intervals. Figure 1A,B 
shows that the stimulation medium diminishes 
the absolute ALP activity and cell quantity, re- 
spectively. The specific ALP activity (Fig. 1C) 
expressed per cell on day 9 was only 25% higher, 
and on day 12 it was even lower than in the 
control cultures. The specific ALP activity in 
this system is not a net representative of all 
ALP-expressing osteogenic cells. This is because 
not all the osteogenic cells show an increased 
ALP activity at every instant during the differen- 
. tiation period; also, some cells not associated 
with mineralization express ALP [Kamalia et 
al., 1992]. However, it is reasonable that ALP 
activity in a greater portion of the stimulated 
cultures is attributed to high ALP-expressing 
osteogenic cells, compared with the unstimu- 
lated cultures. Conversely, a diminishing por- 
tion of ALP activity is attributed to nonosteo- 
genic cells. The OPC stimulation medium 
induces increased mineralization by increasing 
the number of osteogenic cell colonies. Calcium 
precipitation is detected in our system from day 
14; thereafter (data not shown), this timing was 
also demonstrated in cultured rat calvarial osteo- 
blasts [Pockwinse et al., 1992]. 

ALP Response to Malonate 

Sodium malonate was added at different con- 
centrations and time intervals, to several stro- 
mal cell cultures grown with OPC stimulation 



medium. The addition of malonate (Fig. 2) re- 
sulted in a low day 12 ALP activity; the dose 
with the highest effect on absolute ALP/well 
was 10 mM, being most prominent when added 
on day 3. Day 12 was chosen for ALP assays in 
this experiment based on its elevation in studies 
on osteogenic cells [Deren et al., 1991]. The 
diminished ALP activity was not due to inhibi- 
tion of enzyme function, but rather to a dimin- 
ished day 12 cell population observed by micros- 
copy (Fig. 5A). 

Correlation Between Day 21 Calcium Precipitate 
With Earlier ALP Activity 

Days 20-21 were chosen for measuring cell- 
mediated calcium precipitates, because at that 
time they are detectable by Alizarin staining and 
by atomic absorption. Previous studies on stro- 
ma} cell mineralization inhibition under the con- 
tinuous presence of levamisole (submitted) sug- 
gested that inhibition of day 21 mineralization 
has at least two components, one consists of 
inhibition of enzymatic activity during crystal 
growth (a late stage controlled by ALP), the 
other component is an early inhibitory effect 
induced by levamisole during the first week in 
culture, before mineralization takes place. There- 
fore, the present study required determination 
of appropriate days during differentiation in 
which the ALP activity shows the best correla- 
tion with day 21 mineralization. For this pur- 
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Fig. 3. Correlations between day 12 ALP activity and day 21 
calcium precipitation of malonate-treated and untreated stroma. 
Stromal cells were cultured from day 0 with OPC stimulation 
medium in the presence (empty squares) and absence (closed 
diamonds) of 10 mM malonate, which was added on day 3 and 
removed on day 1 2. ALP assay was performed on day 1 2 under 
sterile conditions at pH 7.6; subsequently, the cells of both 
groups were cultivated in OPC stimulation medium until day 
21. The correlation coefficient of malonate treated and un- 
treated cultures is r = 0.295 and 0.670, respectively. 



pose, stromal cells were stimulated in culture 
and individual wells of 3 plates underwent in 
situ ALP assay, each on a different day (days 6, 
9, and 12). Malonate was added to one-half of 
the wells in each of these plates, for a final 
concentration of 10 mM on day 3, as inferred 
from the dose response presented in Figure 2. 
Malonate was removed before the ALP assay 
and was not returned thereafter. Immediately 
after the ALP assay, the cells continued to grow 
in OPC stimulation medium (without malonate) 
and on day 21, calcium precipitates were mea- 
sured. Figure 3 illustrates the regression lines of 
malonate-treated and untreated cultures of stro- 
mal cells grown in OPC stimulation medium. 
Each point represents day 12 ALP plotted 
against day 21 calcium of the same individual 
well One of the two linear regressions in Figure 
3 (the line with the lesser slope) represents 
malonate-treated cells. In the cultures without 
malonate, the correlation of day 21 Ca with day 
12 ALP activity (r = 0.67) is better than with 
day 6 and 9 ALP activity (r = 0.044 and 0.219, 
respectively). It is also slightly better than the 
correlation with ALP of day 21 (where r was 
close to 0.6). These results justify the use of day 
12 ALP activity as a differentiation marker that 
relates to cell-mediated calcification measured 
on day 21. Day 12 ALP in this study fulfills a 
function of a differentiation marker, indepen- 
dent of the direct enzymatic role in calcification 
played by ALP on day 21. 
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Fig. 4. Disection of the effect of malonate on stromal cells 
during the first 11 days of differentiation and proliferation. 
Stromal cells were stimulated with OPC stimulation medium 
from day 0 and malonate was added on different days and 
removed on different days. On day 11 , specific ALP activity and 
cell quantity were determined and ratios of the values of cells 
cultivated with/without malonate are expressed as specific ALP 
index and cell No. index. For the mean of each ratio, n = 20. 



The Effect of Malonate on the Differentiating 
Stromal Cell Population 

To determine the time ranges during differen- 
tiation at which malonate has the highest posi- 
tive effect on osteoprogenitor cell (OPC) yield 
and the highest negative effect on non-OPC 
yield, 10 mM malonate was added and removed 
from the cultures at different days. OPC differ- 
entiation was determined on day 12, by measur- 
ing ALP activity /cell (specific ALP). Figure 4 
illustrates various time ranges at which the 
cultures were exposed to 10 mM malonate, as 
well as its effect on OPC differentiation and on 
stromal cell proliferation. Results are expressed 
as the ratio (index) between malonate-treated 
and untreated controls. The lowest OPC yield 
(specific ALP index = 0.634) was associated with 
the highest cell proliferation (cell No. in- 
dex = 1.913) and was obtained when cultures 
were exposed to malonate only on days 0-1 
(upper line in Fig. 4). The increase in OPC yield 
was directly related to the duration of the expo- 
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sure to malonate. When malonate was added on 
day 3 of OPC stimulation and maintained only 
for 1 day, a higher OPC yield was observed 
(specific ALP index = 0.954), and it was associ- 
ated with a lower cell proliferation (cell No. 
index = 1.072). The highest OPC yield (specific 

TABLE I. Comparison Between Effects of 
Malonate on Day 21 Calcium Precipitation 
With the Effects on the Differentiated OPC 





Yield (n 
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Day 7 


Day 21* calcium 
index 
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1.209 


Day 12 cell no. 
index 
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Day 12-specific 
ALP index 


2.889 
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♦Malonate removed on day 12. 



ALP index = 9.22) was obtained when malonate 
was added on day 3 of stromal OPC stimulation 
and maintained up to day 11; this was associated 
with the lowest cell yield compared to other 
cultures (cell No. index = 0.071). 

The Early Malonate Effect on Day 21 
Cell-Mediated Mineralization 

Malonate was added to differentiating stromal 
cells on day 0 from the start of OPC stimulation 
for a 12-day exposure and at three different time 
intervals, with diminishing length of exposure. 
Malonate was removed from the cultures on day 
12; after washing the cells with TNS, they were 
cultivated in OPC stimulation medium until 
Day-21 for quantitation of acid-soluble calcium 
precipitates. Table I shows the calcium index/ 
well aligned with indices of specific ALP and cell 
No. /well of proper malonate exposure dura- 
tions, taken from Figure 4. Calcium precipitates 




from 5A and 5B is comparable to the cell No. index on day 1 2 (see text), x 1 00. 
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sustained minor changes in the presence of mal- 
onate relative to the major changes in the spe- 
cific ALP/well and in cell quantities/well. This 
is consistent with the hypothesis that malonate 
selectively arrested the proliferation of non- 
OPCs but permitted the growth or survival of 
OPCs. 

The most prominent (1400%) variable seen at 
the presence of malonate was the cell No. index 
observed when malonate was added on day 3, it 
was associated with a minimal effect (20-30%) 
on day 21 calcium index. This suggests that, in 
the cultures, on day 3, there is a peak of malo- 
nate-resistant OPCs that can tolerate malonate 
for up to 9 days, probably under continuous 
accumulation of such newly differentiated OPCs. 

Microscopic View of Malonate Effect on Stromal 
Cell Quantity 

Two opposing wells, one treated with malo- 
nate from day 3 for 6 days. The other untreated 
controls (Fig. 5A,B, respectively) were stained 
with Alizarin Red and with Light Green on day 
21. In both wells there are regions with dens cell 
growth and regions with lower cell density. In 
the malonate-treated culture (Fig. 5A), the 
"crowded" regions contained 10.105 ± 3.11 
cells/cm 2 , whereas in the control (5b), they con- 
tained 47.555 ± 7.689 cells/cm 2 . The ratio be- 
tween these cell counts is 0.212, close to the cell 
No. index of 0.266 of the appropriate sample in 
Figure 4 (line 7). 

DISCUSSION 

In the present work, we examined the effect of 
malonate on the proliferation of stromal cells 
and on their differentiation in vitro. Based on 
studies with differentiating bone cells, ALP 
quantitation was performed on day 12. Dose- 
response analysis showed that 10 mM malonate 
is the appropriate concentration for lowering 
the absolute ALP activity/well on day 12. The 
diminished absolute ALP activity was later found 
to reflect a diminished stromal cell number and 
the cells even showed increased specific ALP 
activity/cell contrary to the decreased absolute 
activity/well. 

In nonstimulated stromal cell cultures, spe- 
cific ALP activity peaks were observed on days 6, 
9, and 12, corresponding to days 3, 6, and 9 of 
cultures grown in dexamethasone-containing os- 
teoprogenitor cell (OPC) stimulation medium. 
In dexamethasone-stimulated cultures, regres- 
sion analysis between ALP activity/ well (on days 
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Fig. 6. Inverse correlation between relative values of malonate- 
selected stromal cell count and the relative specific ALP activity 
in selected cells. Exponential regression lines of three separate 
groups of results taken from Figure 4. Open squares represent 
malonate added on day 0 and removed on different days, r = 
0.977 (4 upper lines in Fig. 4). Closed diamonds represent 
malonate added on day 3 and removed on different days 
thereafter, r = 0.893 (second four lines in Fig. 4). Closed 
squares represent mostly samples of 2-3 days of exposure, r = 
0.898 (last six lines in Fig. 4). Each point represents the correla- 
tion between the mean of 20 index values. Each index value 
represents the ratio between specific ALP (or cell count) in one 
well of malonate treated and its proper control well on the same 
plate. 

6, 9, and 12) and day 21 precipitated-calcium 
revealed that the best correlation was obtained 
between day 12 ALP activity and day 21 cal- 
cium. These results indicated that, in differenti- 
ating stromal cells as well, day 12 is appropriate 
for the performance of the ALP assay and cell 
counting, if day 21 calcium results should be 
related to ALP. In stimulated stromal cells, cal- 
cium precipitates appear after 15 days in cul- 
ture, but they become prominent on day 20 
(data not shown). Therefore, calcium was al- 
ways measured on days 20-21, although cal- 
cium may accumulate on bone nudules at least 
until day 35. This is in accord with results in 
calvarial osteoblasts [Pockwinse et al., 1992], 
which showed that 30% of maximal ALP expres- 
sion and 30% of maximal mineralization occur 
on days 12 and 20, respectively. 

The various periods and the points of entry at 
which malonate was administered to the cul- 
tures during the first half of stromal cell differ- 
entiation revealed an inverted relation between 
specific ALP activity and total stromal cell count, 
both performed on day 12. Exponential regres- 
sion lines (Fig. 6) obtained from three different 
groups of results, shown in Figure 4, show a 
sufficiently high correlation between these two 
parameters. The inverted correlation between 
differentiation (specific ALP) and proliferation 
(cell No.) in stromal cells is similar to the find- 
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TABLE II. Lack of Day 3 Malonate Ability to Substitute for Dexamethasone (DX) and Ascorbate 
(VC), as Mineralization Inducer in Str mal Cells 
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ings shown in differentiating osteoblasts [Stein 
et al M 1990]. Figure 6 shows that malonate 
treatment complys with and does not abrogate 
this inverted ratio. 

The relative enrichment in OPCs caused by a 
longer presence of malonate is consistent with a 
selective effect of malonate favoring the OPC 
population over non-OPCs. This is supported by 
the fairly constant mineral quantities associated 
with different malonet entries and length of 
exposure. Based on the minimal changes in cal- 
cium, it is likely that malonate has mainly ar- 
rested the growth of non-OPCs with a weaker 
effect on the OPC population. 

The experiments represented in Figures 2 and 
4 suggest that the day of malonate addition also 
influences the relative enrichment of the cul- 
tures with ALP-expressing OPCs. Day 3 differs 
from other days by the stromal cell response to 
malonate. Malonate is most efficient on day 3 in 
enriching the cultures with OPCs of high ALP 
specific activity, as measured on day 12. Unex- 
pectedly, adding malonate on day 3 is even bet- 
ter than adding it on day 0. The mechanism for 
this phenomenon is not clear; however, it can be 
used to test the conclusion that malonate has a 
selection rather than an induction effect on 
OPCs. Confirmation that the role played by 
malonate is restricted mainly to OPC selection 
was achieved by showing that ingredients in the 
stimulation medium are responsible for the in- 
duction of this phenomenon and that they can 
not be substituted by malonate. Table II shows 
that when dexamethasone and ascorbate are 
used for OPC stimulation starting on day 0, they 
must be maintained beyond day 3, since their 
removal on day 3 will result in a lack of day 21 



mineralization in spite of the presence of malo- 
nate from day 3 to day 12. Interestingly 0-glyc- 
erophosphate was sufficient to induce mineral- 
ization on its own in the presence of malonate, 
but it failed to induce it if dexamethasone and 
ascorbate were administered on day 0 but discon- 
tinued on day 3. These results indicate that day 
3 malonate can select, on day 12, for cells that 
are prepared to mineralize later within several 
days. 
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Embryonic stem (ES) cells enable the engineering 
of precise modifications to the mouse genome by 
gene targeting. Although there are reports of cul- 
tured cell contributions to chimaeras in golden ham- 
ster 1 , rat 2 and pig 3 , definitive ES cell lines which 
contribute to the germline have not been demon- 
strated in any species but mouse. Among mouse 
strains, genetic background strongly affects the effi- 
ciency of ES isolation, and almost all ES lines in use 
are derived from strain 129 (refs 1 ,4,5) or, less com- 
monly, C57Biy6 (refs 6-8). The C8A strain is refrac- 
tory to ES isolation and there are no published 
reports of CBA-derived ES lines. Hence, CBA mice 
may provide a convenient model of ES isolation in 
other species. In ES derivation it is critical that the 
primary explant be cultured for a sufficient time to 
allow multiplication of ES cell progenitors, yet with- 
out allowing extensive differentiation 9 ' 10 . Thus, dif- 
ferences in ES derivation between mouse strains 
may reflect differences in the control of ES progen- 
itor cells by other lineages within the embryo. Here 
we describe a strategy to continuously remove dif- 
ferentiated cells by drug selection, which generates 
germline competent ES lines from genotypes that 
are non-permissive in the absence of selection. 

We were interested in determining whether ES prog- 
enitor cells analogous to those found in strain 129 were 
also present in explants of predominantly CBA embryos. 
If so, then the failure of these genotypes to give rise to ES 
lines may lie in the tighter regulation of ES progenitors 
by other lineages. The DNA construct, pOctneol was 
designed to selectively confer G418 resistance on undif- 
ferentiated ES cells and ES cell progenitors. It consists of 
1.9 kb of sequences 5' to the Oct3/4 coding region 11 
linked to the bacterial neo gene. Oct3/4 is a transcription 
factor expressed in undifferentiated epiblast, ES and EC 
celts, and is strongly down regulated following differen- 
tiation of EC cells in vitro 12 and of the epiblast in wW 3 . 

Expression of pOctneol was first assessed in established 
ES cells. HM- 1 ES cells 5 were transfected with either pOct- 
neol, a constitutive control plasmid pMTneo which 
expresses neo under the direction of the metallothionein 
promoter, or a reporter plasmid, pOctLacZ. Transient 
expression of P-galactosidase from pOctLacZ revealed 
low level expression from the 1.9-kb promoter, confirm- 
ing previous findings 11 . Two pOctneol (ON2, ON4) and 
one pMTneo (MN6) stable clones were randomly select- 
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ed and induced to differentiate by suspension culture in 
the absence of leukaemia inhibitory factor (LIF). In the 
absence of selection, each of the three clones undergoes 
extensive differentiation (Fig. la, c, e). Imposition of G418 
selection does not affect the extent of differentiation of 
MN6 (Fig, l/) t but significantly reduces the number of 
differentiated cells present in ON2 and ON4 (Fig. \k &). 
These findings suggest that the 1 .9-kb Oct3/4 promoter 
is appropriately down-regulated following in vitro differ- 
entiation of ES cells, and are consistent with selective abla- 
tion of differentiated cells as they arise. 

The effect of G418 selection on the efficiency of ES cell 
derivation was first examined in embryos which were 
permissive for ES isolation. This allowed transgenic lines 
capable of producing G418 resistant ES lines to be iden- 
tified for backcrossing onto the non-permissive CBA 
background. Nine pOctneol transgenic lines were 
derived in FI (C57BU6 x CBA) mice. Embryos were pro- 
duced by mating Gl hemizygous transgenic males to 
females of strain 129. Since both 129 and C57BL/6 strains 
can give rise to ES lines at high frequency, the genetic 
background of these embryos (25% CBA, 25% C57BL/6, 
50% 1 29) was expected to be permissive for ES isolation. 
Embryos were apportioned to culture in medium with 
or without G418 in a ratio of approximately 2:1 to 
account for loss under selection of embryos lacking the 
pOctneol transgene. G418 resistant ES cell lines were 
derived at heightened frequency from blastocyst stage 
embryos from five of the transgenic lines (Table la) using 
the standard ES cell derivation protocol 9,10 . 

These results encouraged us to test drug selection in 
embryos with a predominantly CBA, and hence non-per- 
missive, genetic background. To confirm that our CBA 
stock was non-permissive, 63 100% CBA embryos were 
entered into culture for ES isolation. No lines were iso- 
lated and explants rapidly differentiated, showing little 
or no expansion of the inner cell mass (1CM) (Fig. 2c, d). 
G3 males homozygous for the pOctneol transgene were 
then mated to CBA females to produce embryos of genet- 
ic background 87.5% CBA, 1 2.5% C57BU6. 

Non-permissive embryos (70) were explanted and ES 
cell derivation was carried out according to the 'standard 
protocol' 9 . In the absence of selection non- permissive 
explants differentiated extensively during the first 5 days in 
culture and showed no evidence of undifferentiated cells. 
Under G4 18 selection explants were extremely small after 
8 days in culture. Although there was some indication that 
differentiation was less extensive than in the non-selected 
group, no explants from either group survived disaggre- 
gation when carried out on or before the 8th day in cul- 
ture and no ES cell lines were established (Table 1 b). 

These observations led us to extend the period of cul- 
ture prior to disaggregation to 14 days, and to reduce 
G418 concentration from 100 ug/ml to 50 ug/ml, where- 
upon all unselected explants showed extensive differen- 
tiation within 10 days (Fig. 2e). At the time of 
disaggregation there were no identifiable ICM out- 
growths, and no ES lines were derived after passage. A 
high proportion (50 of 86) of the explants in the selected 
group died before day 14. Explants from transgenic lines 
72-49 and 72-9, however, produced 13 outgrowths com- 
posed of predominantly undifferentiated cells, resembling 
large colonies of an established ES line (Fig. 2/). Eight of 
these gave rise to ES cell lines after disaggregation and grew 
to confluence as essentially pure ES cells. 
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0N2, 0N4 and MN6. - 

This result contrasts with conventional ES isolation 
in which primary outgrowths of the 1CM contain sev- 
eral non-ES lineages'. Only upon further passage do 
small ES-like clones arise and this is always in conjunc- 
tion with colonies of other lineages. Even when .removed 
from the influence of other lineage* ;many of these pri- 
mary *ES-like' colonies subsequently differentiate into 

TaMel ES cell derivation from oOctneo transgenic embryos _ 

ESceMne derivation torn passive (25% CBA) embryos of five pOctneol 
transgenic mouse lines 

s ss, is & & » ssii^^ 

ES cell line derivation from non-pem,issive (87.5% CBA) embryos of four 
pOctneol transgenic mouse lines 

^^^Tl^Tlf^ Totai Efficiency 
'•S^d^d protocol m mQ , o% 

0/8 0/26 0/34 0% 
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-G418 a 
+G418 a 

Transgene 
copy number 



0/9 0/13 
1/36 4/29 



0/5 
0/6 



0/13 0/40 
4/15 9/86 



0% 
10.5% 
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Transgene copy number in each mouse line is shown in the bottom row. 



224 



trophectoderm'. Hence, the direct emergence of appar- 
ently pure ES cultures from the primary explant follow- 
ing drug selection is consistent with selective ablation of 
differentiated cells and represents an important simpli- 
fication of the ES isolation procedure. 

It may be significant that the 1 .9-kb promoter frag- 
ment used provides only low levels of expression ,n ES 
cells 14 Expression from the 1.9-kb promoter, while .nsu - 
ficien ly powerful to provide strong staining w.th pOct- 
UcZ, nonetheless provides adequate levels of ^ protein 
for G418 resistance. Low expression could lead to more 
efficient ablation of differentiated cells because it would 
reduce the number of G418 resistant differentiated cells 
arising from either leaky expression or persistence ot pro- 
tein following differentiation. This argument is consis- 
tent with the preferential establishment of ES lines from 
transgenic lines with low copy number (Table lc) 

Cytogenetic analysis of four lines revealed that all 
were of 40XY constitution and three of that r ines ; gave 
rise to chimaeras following injection into MF1 (albino) 
blastocysts (Fig. 3a). One of two lines tested for 
eermline transmission has been shown to contribute to 
fS g 1 line at low frequency (Fig. 3b). Outbred strains 
such as MF1 generally produce lower Muenc.es of 
eermline transmission than inbred strains when used 
L host embryos'*"", and we anticipate that this fre- 
quency will rise when chimaeras are made with inbred 
and hence less vigorous host drains Even among inbred 
strains, specific combinations of ES line and host 
embryo strain are reported to show varying compati- 
bility. Some C57BL/6 ES lines, for example, produce 
germline chimaeras in inbred BalbC embryos but not 
in embryos of the inbred strain C3H • . 

Sirrdkrly, chimaeras of 87.5% CBA ES lines w,th MF1 
embryos produced in the present study failed to show 
areas of agouti colouration, apparently reflecting a poor 
contribution to follicle cells by CBA cells when in com- 
petition with MF1 cells. The ES line 39/1, however, gives 
rise to both agouti and non-a_<m», (black) pigmented 
eermline pups and is therefore heterozygous wild type 
Ke flgoutilocus (Aa). Hence, failure to detect agouti 
colouration in chimaeras probably occurs due to a com- 
bination of low contribution by ES-denved cells to the 
follicle and reduced expression at the agouti locus due 
to heterozygosity. Pigmentation in the progeny. a MF 
crosses with other strains is consistent w,th the MF1 
genotype aa/BB/cc (rcf. 18), and both black and agouti 
pups in the present study almost certainly anse from 
Slides contributed by ES line 39/1 . The denvat.on o 
germline pups from 87.5% CBA ES cells, however^ w« 
confirmed by Southern blot (Fig. 3c), where we observed 
the presence of the pOctneol transgene with character- 
istic bands common to ES line 39/1 and to the trans- 
eenicline (72-9) used to generate that line. 

The demonstration of ES cells from non-perrmssive 
embryos by drug selection supports the view that the 
genetic background of ES cell progenitors is not an auto - 
ogous determinant of ES cell derivation, but that genet- 
ic background determines the level of suppression of ES 
proliferation. ES progenitor cells are present in pre- 
dominantly CBA embryos, and it seems therefore that 
the significant difference between permissive and non- 
- permissive mouse strains is the strength of the influence 
the embryo exerts over ES cell progenitors. Loss of 
embryonic control over ES precursors under selection 
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probably results from the preferential ablation of non- 
ES lineages following down regulation of neo by the 
Oa3/4 promoter, though this has not been conclusively 
demonstrated. 



Fig. 2 a, Representative primary explants of permissive strain 129 
embryos at 3 days in culture and, b t 5 days culture. Non-permis- 
sive CBA embryos at, c t 3 days culture and, d, 5 days culture. 
CBA pOctneol embryos at 14 days culture, e, without G41 8 selec- 
tion and, f, with G41 6 selection. 



The approach taken in mice can be extended directly 
to small animals such as rat or rabbit where the gener- 
ation of transgenic lines is not a problem, and possibly 
even to pigs, where fecundity and transgenic frequen- 
cies are relatively high. We have recently generated sev- 
eral transgenic lines of pigs carrying pOctneol and are 
currently evaluating the feasibility of porcine ES line 
derivation from transgenic embryos. 

Methods 

Clones and constructs. A 1,905-bp fragment consisting of 5' 
sequences flanking the Gcf3/4,gene and corresponding to posi- 
tions -1876 to +29 in the sequence reported by Okazawa et at 1 1 
was amplified by PCR from strain 129 mouse genomic DNA. 
Safl and HmdII 1 sites were incorporated into the PCR primers 
to facilitate cloning. pOctneol was constructed by ligation of 
three fragments: 1) A Sflfl-tfmdlll fragment containing the 
1,905-bp Oct 3/4 promoter, 2) A 1.7-kb HmdlH-BcoFU frag- 
ment containing a modified bacterial neo gene linked to 0.65 kb 
of the 3' end of the human growth hormone gene 19 , 3) pUC8 
linearised with EcdRl and Sat pMTneo was kindly provided by 
D. Melton and is described by Selfridge et at 19 . pOctLacZ was 
constructed by insertion of a Sflfl-Hindill fragment containing 
the 1,905-bp Oct3/4 promoter between Sail and Hmdlll sites of 
the promoterless LacZ vector pONl (ref. 20). 

ES cell culture and transfection. Established ES cell lines were 
maintained without feeder layers in ES maintenance medium: 
Glasgow's Modified Eagle's Medium (GMEM; Life 
Technologies) supplemented with 400 U/ml recombinant 
murine leukaemia inhibitory factor (UF; Life technologies), 0.1 
mM MEM non-essential amino acids (Life Technologies), 5% 
newborn bovine serum, 5% fetal bovine serum and 0,1 mM p- 
mercaptoethanol (Sigma). Cell lines were cultured at 37 °C in a 
5% C0 2 atmosphere in a humidified incubator. 

Cells of the ES cell line HM-1 (ref. 5) were electrapo rated 
using standard conditions. ES cells, 10 7 , were mixed with 100 
pg linear DNA in 0.8 ml of HEPES-phosphate bufFered saline 
(pH 7.5), given a single pulse of 800 V (path length 0.4 cm, 3 
pE Bio-Rad Gene Pulser) and plated at 10* cells per 10cm dish. 
Stably transfected clones were isolated by selection with 300 
ug/ml G4 18 (geneticin, Life Technologies) for 14 d. 
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pOctneol transgenic line 72-9 



72-49 



87.5% CBA ES line 
chimaeras/pups born 
male chimaeras 
germline chimaeras 



39/1 22/9 

7/23 10/27 
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Fig. 3 a, A germline chimaera derived from line 39/1 , its albino MF1 ' : 
mate and a germline fagouts) and non-germline pup (albino) from 2.45 «>- 
the same litter, b, Chimaera formation and germline transmission 
of 87.5% CBA ES lines derived under G418 selection, c, South- 
em blot of BamHI digested genomic DNA hybridized with a neo 
probe; From left to right, lanes a-/, 6 transgenic lines (71-19. 71-2. 71-10, 72-10. 72-9. 71-11); and lane g, ES line 39/1 derived 
transgenic line 72^9; lanes /W. germline pups GL1-GL5. Line 72-9 (lane e). in common with ES line 39/1 and the germline pups 
GL2. GL3 and GL5, shows a single characteristic 2.45-kb band. Germline pup GL4 (lane *) has not Inherited the transgene 
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In vitro differentiation of ES cells. Transfected ES cells were 
induced to differentiate both in the presence and absence of 500 
yg/ml G418, by growth as aggregates in suspension culture, 
using a procedure similar to that described 9 for the formation 
of embryoid bodies. Transfected ES cell clones were grown to 
sub-confluence in tissue culture flasks, lightly trypsinised and 
clumps of cells transferred to 10 cm bacteriological petri dish- 
es in differentiation medium (ES maintenance medium omit- 
ting L1F and newborn bovine serum). After 8 d in suspension, 
aggregates were induced to reattach by transfer to gelatinised 
TC dishes in ES maintenance medium. After a further 7 d cul- 
ture cells were fixed for 10 min in 3:1 methanohacetic acid and 
stained with crystal violet. 

Transgenic mice and embryos. Transgenic mice were generated 
by pronuclear microinjection of pOctneol DNA into Fl (CBA 
X C57BL/6) embryos by standard methods 21 . The presence of 
the transgenc was identified by Southern analysis of genomic 
DNA prepared from tail biopsies. Transgene copy numbers 
were estimated by comparing the signal intensity of the trans- 
gene in genomic DNA with that of diluted pOctneol plasmid 
DNA. Gl males were produced by mating transgenic founder 
animals to Fl (CBA X C57BL/6) mates. The G2 generation was 
produced by mating Gl males to CBA females. G2 animals of 
the same transgenic line were intercrossed and G3 males 
homozygous for the pOctneol transgene were identified by test 
mating and Southern analysis of fetal offspring. 

Embryos with a genetic background derived from 50% 129, 
25% CBA, 25% C57BL/6 were obtained by mating hemizygous 
pOctneol Gl males with strain 129 females. Embryos with a 
genetic background derived from 87.5% CBA, 12.5% C57BL/6 
were obtained by mating homozygous pOctneol G3 males with 
CBA females. 

ES cell derivation. Culture medium for derivation of ES lines 
(isolation medium) consisted of ES maintenance medium sup- 
plemented with fetal bovine serum to a final concentration of 
15%. Where drug selection was applied, G418 was included at 
either 50 pg/ml or 100 ug/ml (selection medium). Newly 
derived ES cell lines were transferred from isolation medium to 
ES maintenance medium after passage four. Primary explants 
and new ES cell lines up to passage two or three were main- 
tained on mitotically inactivated STO fibroblast feeder layers 9 . 

Manipulation of embryo explants for the derivation of ES 
cell lines was essentially as described 9 . Embryos were obtained 
from naturally mated females killed on day 3.5 p.c. Uterine 



horns were removed and flushed with approximately 0.5 ml of 
isolation medium. Embryos were washed three times in isola- 
tion medium and explanted in groups of 3-6 onto feeder layers 
in single wells of 24-well plates. At first passage, primary 
explants were disaggregated by gentle trypsin isa lion into 
clumps of cells, then transferred onto feeder layers in single 
wells of 24-wcll plates. 

Culture of explants under selective and non-sclcctivc conditions 
was generally carried out in parallel, frequently using embryos 
from the same uteri. In an attempt to reduce possible operator 
bias, the person carrying out ES cell derivation from non-permis- 
sive embryos was not made aware of which explants were grown 
under selective or non-selective conditions. However, after -10 
days the behaviour of the cultures was clearly distinguishable. 

Preparation of metaphase chromosomes and sexing. 
Metaphase chromosome spreads were prepared as described 1 '. 
Sexing was determined by PCR, using primers to the Y-specific 
gene, SKY 22 ; (5'-CCA TGT CAA GCG CCC CAT GAA TGC-3' 
and 5'-CAC TTT AGC CCT CCG ATG AGG CTG-3'). PCR 
conditions were: 45 s at 94 °C> 60 s at 65 °C, 60 s at 72 °C for 30 
cycles plus 10 min at 72 °C PCR products were analysed by 
agarose gel electrophoresis. 

Generation and characterisation of chimaeras. CBA ES cells 
(87.5%) were introduced into strain MF1 blastocysts by 
microinjection and embryos transferred to pseudopregnant 
recipients using standard techniques 23 . Chimaeras were identi- 
fied as mosaics of MF1 (albino) and CBA (pigmented). All chi- 
maeras were test mated at sexual maturity to MF1 animals. 
Germline transmission from such matings could be identified 
by the appearance of black or agouti pups as 87.5% CBA tS 
lines are homozygous dominant at the black and albino loci 
respectively (BB/CC), and either heterozygous (Aa) or 
homozygous wild type (AA) at the agouti locus. Germline pups 
were also confirmed by Southern analysis of DNA prepared 
from tail biopsies. 
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Abstract 

To study the ability of endosteal cells to spontaneously 
differentiate in vitro, cells isolated from the endosteal bone sur- 
face (endosteal cells) were incubated in liquid suspension cultures 
containing fetal calf serum and antibiotics, but without chemical 
inducers of differentiation. Cultures were examined daily for the 
appearance of morphologically recognizable mature and differ- 
entiated hemopoietic cells. Culture outcomes were uniformly 
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consistent, showed an almost complete disappearance of the 
endosteal cells (which appeared as stimulated lymphoid and late 
stage normoblast -like cells once they are separated from the bone 
surfaces), and their replacement by differentiated and mature 
hemopoietic cells. The ability of endosteal cells to fully differen- 
tiate into mature hemopoietic cells in vitro indicates that endosteal 
cells represent the multipotential hemopoietic stem cells in vivo, 
and are equivalent of embryonal stage undifferentiated mesenchymal 
cells. 

Introduction 

The concept that endosteal cells (flattened endothelium -like 
cells that line the bony trabecule) are true multipotential stem cells 
in the bone marrow, which are able to commit and differentiate into 
many different cell lines, including hemopoietic cells, is new (Islam, 
1985). However, this concept is based primarily on morphologic 
observations made on fixed histologic sections. No direct evidence 
for this is available, though circumstantial and indirect evidence 
is now emerging (Islam, 1985; 1987). In recent years, culture 
techniques have been devised in which undifferentiated hemopoietic 
progenitor cells can be stimulated to give rise to differentiated 
and mature hemopoietic cells (Bradley and Metcalf, 1966; Palu 
et aU 1979; Pluznik and Sach, 1965). These culture techniques 
have proven to be extremely useful in studying mouse and human 
hemopoiesis (Lind et al., 1974). 

In this study, endosteal cells from the femoral diaphyses of 
8 to 10 week old C57BL/6J mice were investigated for their ability 
to proliferate and differentiate in liquid culture. The aims were to 
see if terminal differentiation into mature granulocytes and macro- 
phages occurs, as it does in other in vitro culture systems, and to 
determine if differentiation into other hemopoietic cell lines was 
possible. If these were the results, this study would provide direct 
evidence to support our hypothesis that the endosteum contains 
primitive hemopoietic precursor cells that are able to proliferate 
and differentiate into hemopoietic pathways. 

Materials and Methods 
The 8 to 10 week old male C57BL/6J mice used in this study 
were obtained from West Seneca Laboratory (West Seneca, NY). 
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In order to obtain the endosteal cells, individual femur shafts from 
freshly killed animals were stripped of all adherent tissues by 
scrapping with a scalpel blade. Their epiphysial ends were clipped 
and one was placed into the distal end of a Pasteur pipette modified 
to hold a diameter similar to that of the femur. Loose and loosely 
adherent marrow -rich blood cells within the marrow cavity were 
expelled by repeated (8 to 1 2 times) vigorous flushing of the shaft 
with RPMI 1640 culture medium contained in a 35 mm plastic 
petri dish. The femurs were then split in half longitudinally and 
the remaining red marrow was washed away by shaking and waving 
the bones in the culture medium contained in the same petri dish. 
Then, split femurs were removed and placed into another similar 
size petri dish containing approximately 3 to 5 ml of tissue culture 
medium and the adherent endosteal cell's were scrapped off with 
a pointed scalpel blade. The removed cells were passed through a 
Ficoll Hypaque gradient to remove cellular debris and to obtain 
an almost pure population of mononuclear endosteal cells. These 
cells were then washed twice in normal saline, resuspended, and the 
final volume was brought to 40 ml by adding RPMI 1640, supple- 
mented with 20% fetal calf serum and antibiotics. Ten ml of this 
and the endosteal cell suspension was incubated in each of the 
four T-25 Corning plastic flasks. Cultures were maintained at 33° C 
in an atmosphere of 5% CO2 in air, and were fed every three days 
by. removing 75% of the medium and adding an equal volume of the 
fresh medium. Cultures were examined daily for two weeks and 
every two days cytocentrifuged preparations were made from the 
supernatants to observe the morphologic changes. 

Results 

The starting culture of endosteal cells consisted predominantly 
(60 to 70%) of undifferentiated, large- and medium -sized blast-like 
cells, with round nuclei, prominent nucleoli and a narrow rim of 
pale or deep blue, agranular cytoplasm (Figure 1) and a small popu- 
lation (30 to 40%) of lymphoid and late-stage normoblast-like cells 
(Figure 1). Occasionally maturing granulocytes (myelocytes and 
beyond) and mast cells were also seen. 

Within 48 hours of culture, proliferation (as evidenced by cells 
in mitosis) and differentiation (as evidenced by the appearance of 
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Figure I: Detailed morphology of endosteal cells obtained from the . oi;jy : 

endosteal bone surfaces by means of the present isolation technique. ||f 
Note the population of large and medium sized undifferentiated 

blast-like cells (majority), and a population (minority) of lymphoid : ||.;; ; 
and late-stage normoblast-like cells. Occasional maturing granulo- 
cytes can be seen. Wright -Giemsa stain. Original magnification x y.;. 

1200. '%K 




Figure 2.: Polymorphonuclear maturation of endosteal cells in 8- 

day culture. Note almost complete disappearance of blast-like cells |;:;| 

seen at day 0 of the culture. Wright-Giemsa stain. Original magnifi- ||| 

cation xl200. || L 
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Figure J.: Appearance of macrophages in 14-day culture. Wright - 
. Giemsa stain. Original magnification x 1 200. 




Figure 4.: A view from a 14-day culture showing granulocytes in 
the process of degeneration. Two macrophages can also be seen. 
Wright -Giemsa stain. Original magnification x 1 200. 
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maturing granuloid precursor cells) of endosteal cells began and. 
by day eight of culture, cells from the supernatant consisted almost 
entirely (over 90%) of mature granuloid precursor cells (Figure 2). 
Cells which had been almost uniformly undifferentiated and blast - 
like at the beginning of the culture period was reduced to less than 
10% of the population. Although a small number of macrophages 
was seen on day four, they were not seen in moderate numbers 
until day ten. These cells were enlarged and filled with small vacules 
and granular material. The nuclei though still round, were somewhat 
smaller and the nucleoli were inconspicuous. By day 14, typical 
macrophages (Figure 3) were in the majority of cells and comprised 
almost 80% of the total nucleated cell population in the supernatant 
fluid. Mature and maturing granuloid precursors were reduced to 
less than 20% and a vast majority of them showed signs of degenera- 
tion (Figure 4). Mitotic activity had practically ceased, and the 
total number of cells in the cultures was greatly reduced. Undifferen- 
tiated blast -like cells were absent, though a variable number of small 
lymphoid and late stage normoblast -like cells were seen. 

Discussion 

Our previous observations (Islam, 1987; Islam et at., 1980, 
1984) indicated that cells firmly adherent to the endosteal bone sur- 
faces are more primitive progenitor cells with a greater proliferative 
and differentiative potential. This led us to postulate that endosteal 
cells are the fixed totipotential stem cells in mammalian bone 
marrow and are the equivalent of embryonal level undifferentiated 
mesenchymal cells, which are capable of transformation and differ- 
entiation into osteoprogenitor cells (osteoblast and osteoclasts), 
stromal cells (fibroblast-like cells), and precursors of all hemopoietic 
cells in normal and stressed conditions under appropriate regulatory 
influence (Islam, 1985). In recent years, the development of in vitro 
culture techniques to assess the capability of progenitor cells to 
commit and differentiate into different hemopoietic cell lines 
(Bradley and Metcalf, 1966; Nakeff etal., 1975; Pike and Robinson, 
1970; Stephenson et ah, 1971) has proven extremely useful in the 
study of murine and human hemopoiesis. It is known that 
hemopoietic progenitor cells can be identified by their capacity to 
produce clones of differentiated progeny in culture (Bradley and 
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Metcalf, 1966; Pike and Robinson, 1970). If endosteal cells are 
indeed the ancestors of hemopoietic stem cells or if they do contain 
cells with hemopoietic potential, then they should also be able to 
produce hemopoietic differentiated progeny in such culture systems. 
To test our hypothesis, we attempted to use such a culture system to 
permit proliferation and differentiation of endosteal cells in the 
absence of any chemical inducers of differentiation. Although the 
endosteal cells in this culture system underwent spontaneous 
differentiation into granulocytes and macrophages, it is, however, 
not clear why they did not also differentiate or give rise to other 
types of hemopoietic cell, such as the erythroid or megakaryocyte 
cells. It is possible that the in vitro culture conditions used in this 
study some how favored the proliferation and differentiation of 
endosteal cells into granulocyte-macrophage pathways. Various 
chemical inducers of hemopoietic differentiation are now available 
(Donahue et aL, 1986; Sieff et al. 3 1986; Sparrow and Williams, 
1986) that can stimulate hemopoietic progenitor cells into commit- 
ment and differentiation into their various differentiated pathways. 
It would be interesting to see if such chemical inducers of differenti- 
ation could bring about the proliferation and differentiation of 
endosteal cells into cells other than granulocytes and macrophages. 

It is generally accepted that morphologically recognizable 
bone marrow cells are derived from progenitor cells committed to 
a specific line of hemopoietic differentiation (Queesenbery and 
Levitt, 1979). The origin and morphologic identity of such pro- 
genitor cells is not yet known and the question whether there is 
a single pluripotent hemopoietic stem cell or a variety of stem 
cells each with a capacity of self-replication and maintenance is 
still unresolved (Loutit et a/., 1982). In early studies of the marrow 
in histologic sections, several authors have identified a generative 
hemopoietic zone in the subendosteal region and a maturational 
zone adjacent to the more centrally placed marrow sinusoids 
(Lennert, 1952; Weinbeck, 1938). High concentrations of stem 
cells have also been found near the bone surfaces (Gong, 1978), 
and a concentration gradient of such cells from the endosteum 
to the central axis of the femoral medullary cavity of mice has 
also been reported by Lord and Hendry, (1972) and Lord et ah y 
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(1975). In an autoradiographic study using tritiated thymidine 
as a pulse radiotracer for DNA synthesis, a kinetic gradient has 
also been demonstrated across the marrow section, with the 
highest proliferative rate in the subendosteal region (Shackney 
et a/., 1975). Although these observations pointed to some 
important functional activity at the endosteum, the endosteal 
cells have received very little attention and have never been 
considered a potential candidate for hemopoietic stem cells. In 
a recent report, we postulated that endosteal cells are the mutli- 
potential stem cells in the bone marrow which can give rise to 
various hemopoietic cells in normal and stressed conditions. In this 
report, we provide for the first time supportive evidence to our 
hypothesis and give direct morphologic evidence to suggest that 
endosteal cells do contain cells with hemopoietic potential, and 
are able to proliferate and differentiate into hemopoietic pathways. 
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Autologous- or allogeneic-bone marrow transplantation are increasingly used to overcome the myelo- 
suppressive effects of high dose chemotherapy administered to cancer patients. Transfer of the mul- 
tidrug resistance (MDR) gene in hemopoietic progenitors has been proposed as a tool to administer 
higher and possibly more curative doses of chemotherapy. Murine models have demonstrated that 
retrovirus-mediated MDR transfer in bone marrow cells can render animals resistant to myeloabla- 
tive doses of Taxol, and in vitro studies have shown that MDR-transduced human CD34+ cells can 
generate drug-resistant multi potential hemopoietic progenitors such as long term culture-initiating 
cells. Given these results, phase I clinical trials are currently under way to evaluate feasibility and 
treatment-related toxicity of MDR gene transfer in cancer patients by means of safe retroviral vec- 
tors. Finally, Taxol treatment of MDR transduced mice and human CD34+ cells have indicated that 
MDR is a dominant selectable marker in vitro and in vivo, and vectors carrying both MDR and non 
selectable genes such as (i-globin or glucocerebrosidase could be used in the next future for gene 
therapy of inherited disorders like thalassemia or Gaucher disease. 

KEYWORDS: Gene transfer generation of hemopoiesis drug resistant hemopoiesis 



INTRODUCTION 

Despite the use of appropriate doses of chemotherapy has 
led to major improvements in the treatment of neoplastic 
diseases, resistance to anticancer drugs frequently occurs. 
Resistance to multiple drugs was demonstrated about 25 
years ago in epithelial neoplasms, and pioneering studies 
in this area indicated that if the tumor cells were resistant 
to one member of a family of drugs, the same cells were 
often resistant to the the other members of the family. In 
this context, Ling 1 proposed that a single efflux pump pro- 
tein conferred resistance to a wide family of drugs by gen- 
erating a reduction in the intracellular concentrations of 
these molecules. Subsequent laboratory work on neo- 
plastic cells exhibiting drug resistance culminated in the 
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isolation of the pl70 glycoprotein (Pgp) efflux pump and 
of the multidrug resistance (MDR) family gene. Hie iso- 
lation of multiple forms of MDR cDNA in mouse and hu- 
mans was possible* but led to the conclusion that only one 
group in each species is functionally active, i.e. MDR-1 
in humans and MDR-3 in mouse. 2 Moreover, it was 
demonstrated that the activation of MDR confers resis- 
tance to chemotherapy agents such as colchicine, VP-16, 
vincristine, adriamycin, Taxol and others. 3 Since MDR- 
driven drug resistance appears to be a major clinical prob- 
lem in many cancer patients, an intense research work has 
been devoted to the MDR gene family. In fact, from 1993 
to 1994 more than 600 scientific papers regarding MDR 
gene expression and/or Pgp function have been referenced 
in Index Medicos and Medline. Although the physiologi- 
cal role of Pgp has not been fully elucidated, MDR trans- 
port function has been found to be independent of the 
physiological movement of ions, and a wide variety of 
compounds such as verapamil, cyclosporine and other 
chemosensitizers have been demonstrated to inhibit MDR 
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transport in a subset of cancer patients. 4-5 This notwith- 
standing, significant side effects were found to hamper 
drug-mediated MDR inhibition in patients. 5 Despite im- 
pressive progress in the comprehension of MDR-related 
molecular biology and biochemistry, 6 " 7 cell machinery of 
MDR function, as revised by Simon and Schindler, 8 is still 
far from being fully understood. A novel, interesting ap- 
proach with possible clinical applications has been re- 
cently proposed by Kobayashi et al? who designed a 
hammerhead ribozyme able to decrease MDR RNA in 
MDR-expressing tumor cells. This tool may be applica- 
ble in treatment of cancer patients to reverse drug resis- 
tant tumors back to sensitivity. 



RATIONALE FOR MDR PHENOTYPE 
TRANSFER 

The treatment of choice for an increasing number of onco- 
hematological diseases currently includes myelosuppres- 
sive doses of chemotherapy followed by autologous or 
allogeneic hemopoietic progenitor cell transplant. 10 A 
strategy able to make these progenitors and their offspring 
resistant to the toxic effect of chemotherapy would per- 
mit to safely administer larger and possibly more effec- 
tive doses of chemotherapy to patients. With mis aim in 
mind a number of investigators have evaluated the feasi- 
bility of drug resistance gene transfer in hemopoietic prog- 
enitors."- 15 In addition to benefits for cancer patients 
related to administration of larger doses of chemotherapy, 
the transfer of drug resistance genes can be used as a se- 
lectable marker to enrich for progenitor cells that are co- 
transduced with a nonselectable gene both in vitro or in 
vivo. As an example, the generation of a vector able to 
transfer both the drug resistance gene and the nonselec- 
table |J-globin gene could be an effective mechanism for 
enriching cell populations able to express the product of 
the (J-globin gene. This approach could be of help in de- 
signing vectors for gene therapy of inherited disorders 
such as thalassemia and Gaucher disease, as suggested by 
Aran e t a/ 16 who recently described a retroviral bicistronic 
vector able to transfer a cassette including MDR and glu- 
cocerebrosidase genes under the control of a single pro- 
moter. 

Virus-mediated methods for gene transfer are at pre- 
sent more popular than physical cDNA transfection such 
as electroporation or particle acceleration because 
viruses can achieve both high transfer efficiency and sta- 
ble integration. Among viral vectors, retroviruses are the 
most widely used, and at the moment more than 85% of 
approved gene transfer clinical trials involve retro- 
viruses. 17 Retrovirus mediated transduction in hemopoi- 



etic progenitors has been investigated both in vitro and 
in primates, and preliminary results indicate that stable 
integration and autonomous replication can be achieved. 
In spite of these developments, some drawbacks should 
be considered. First, gene transfer efficiency is far from 
being ideal, since it ranges from 1 to 70% of CFU-GM 
and 0.1 to 30% of long term-culture-initiating cells (LTC- 
IC), a subset of early, multipotential progenitors consid- 
ered as possible "stem cell candidates". 18 Secondly, in 
vivo studies in primates and humans have been associ- 
ated until now with a frustrating lack of foreign gene ex- 
pression over time. 19 In fact, retroviruses can introduce 
genes into a single and active chromatin region in each 
cell and obtain in some cases long-term expression, but 
they can infect only mitotic cells, and transcripted for- 
eign genes are often inactivated over time. In this con- 
text, it is of interest that the goal of drug-resistant 
hemopoiesis by means of MDR gene transfer does not 
strictly require lifespan or long-term expression of the 
foreign gene, since MDR mRNA generation and Pgp ex- 
pression are only necessary to overcome one or few cy- 
cles of high dose chemotherapy. ' 

Although this review predominantly focuses on pro- 
cedures for MDR gene transfer, it should be mentioned 
that the cDNA of other genes known to confer resistance 
to different drugs has recently been isolated and trans- 
fered in vitro into hemopoietic progenitors. Flasshove et 
a/ 13 have transfered a mutated dihydrofolate reductase 
cDNA into CD34+ cells in order to confer methotrexate 
(MTX) resistance. It should be noted that this transduc- 
tion protocol permitted both selection and cytokine-me- 
diated ex vivo expansion of transduced progenitors. 
Magni et al 14 and Webb and Sorrentino 15 have recently 
generated retroviral vectors capable of transfering the 
aldehyde dehydrogenase gene ( Aldh). The product of this 
gene catalyzes the intracellular conversion of metabolites 
of alkylating drugs such as cyclophosphamide and 
maphosphamide to an inert compound. Aldh- transduced 
murine and human hemopoietic cell lines were found to 
survive in the presence of 10-25 jiM maphosphamide, 
and these data demonstrated a direct relationship between 
Aldh expression and resistance to this alkylating agent 
Interestingly, maphosphamide resistance could be re- 
versed in vitro by an inhibitor of cytosolic Aldh. 14 
Moreover, Kruh et al, 20 have established using the 
NIH/3T3 cell line that the transfer of mrp gene, a mem- 
ber of the ABC cassette superfamily of transporters in- 
cluding MDR gene, is capable of conferring a multidrug 
resistance phenotype different from Pgp expression. 
Further studies are currently ongoing to evaluate whether 
transfer of this novel gene can generate drug-resistant he- 
mopoiesis. 
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IN VIVO MODELS OF MDR GENE TRANSFER 

In 1989, Galski et a/ 21 transferee! the MDR cDNA into the 
transcription unit of an expression vector, and introduced it 
into the blastocyst of a mouse embryo. Bone marrow prog- 
enitors of the resulting mice, but not other tissues, were mod- 
ified by the MDR plasmid, so that the exogenous MDR gene 
and Pgp phenotype were expressed at all stages of hemo- 
poietic maturation. These mice were studied for about two 
years, and both hemopoietic proliferation and differentia- 
tion were found to be normal. In the early 1990's, a retro- 
viral vector for human MDR gene transfer was generated, 22 
and in 1992 two groups autonomously described mouse 
models of MDR gene transfer in vivo. 22 " 23 After demon- 
stration that a retroviral construct containing MDR cDNA 
was able to transfect the ecotropic NIH/3T3 retroviral pack- 
aging line GP+E86, colchicine-resistant producer clones 
were cocultured in the presence of different cytokine cock- 
tails with bone marrow cells of mice previously treated with 
the antimetabolite 5FU. This strategy was chosen to induce 
stem cell cycling, and was associated to stable integration 
of MDR gene in mice hemopoietic progenitors. When trans- 
duced cells were transplanted into irradiated mice, MDR 
gene expression was detected in both bone marrow and ma- 
ture peripheral blood cells for several months after trans- 
plant Moreover, transduced cells were resistant to doses of 
Taxol in the 7-14 mg/Kg range. To test whether MDR gene 
can function as a dominant selectable marker in vivo, trans- 
duced mice received Taxol 6 months after transplant On the 
second rechallenge with Taxol, MDR transduced mice 
showed a significant increase of the proportion of circulat- 
ing leukocytes containing MDR provims. In contrast, con- 
trol animals transduced with the neo gene showed no change 
in the number of circulating marked cells after drug treat- 
ment Interestingly, by means of tissue distribution analysis 
of MDR transduced cells it was possible to detect MDR 
provirus in both myeloid and lymphoid cells, indicating that 
multilineage cells were transduced and the marker was still 
present in their progeny. More recently, a third group pro- 
posed a stromal layer-mediated MDR transduction proto- 
col, 24 and serially transplanted MDR-transduced bone 
marrow cells into each of six successive cohorts of mice 
treated by Tfcxol in order to allow for in vivo selection of 
transduced progenitors. The success of this approach fur- 
ther confirms that very early progenitors with self-renewal 
potential were among the transduced target cells. 

MDR GENE TRANSFER IN HUMAN 
HEMOPOIETIC PROGENITORS 

The availability of retroviral vectors of MDR transfer has 
led to steps toward optimization of MDR transfer in human 
hemopoietic progenitors. First Ward etal 1 1 described suc- 



cessful MDR transduction in human bone marrow-derived 
progenitors. By means of two rounds of exposure to MDR 
retroviral supernatant, these authors were able to trans- 
duce both low density and purified CD34+ cells, but trans- 
fer efficiency was significantly higher in purified CD34+ 
cells. Soft gel assays showed that after exposure to MDR 
supernatants, 18-70% of BFU-E and 30-60% of CFU- 
GM contained the transferred gene. Up to 1 1 % of the prog- 
eny of these cells expressed increased amounts of Pgp, and 
flow cytometry studies demonstrated that transduced cells 
were enriched in Pgp-expressing cells after exposure to 
Taxol. Moreover, the same paper described the first evi- 
dence that not only committed CFU but also LTC-IC can 
be transduced by means of MDR retroviral vectors. Using 
the same retroviral vector developed by Ward et aU 1 1 other 
investigators 12 - 25-26 reported the utilization of cord blood, 
bone marrow and peripheral blood low density and puri- 
fied CD34+ cells as targets for MDR gene transfer. In these 
studies, cells were cocultivated for 48 hours with the irra- 
diated MDR retroviral producer line. Since MDR gene ex- 
pression has been previously reported to occur at low 
levels in both hematopoietic progenitors and in peripheral 
blood cells, efficiency of MDR gene transfer was assessed 
by four different assays. First, transduced cells were cul- 
tured in the presence of SCF and IL-3 and selected by the 
presence of doxorubicin, colchicine and/or Taxol. In un- 
infected control, 1-2% of CFU-GM, CFU-GEMM and 
LTC-IC were found to be drug-resistant, while 1 1-33% 
of original clonogenic and LTC-IC activity was found after 
2 weeks of culture of transduced cells. In these liquid cul- 
ture conditions, efficiency of MDR transfer was signifi- 
cantly enhanced by prestimulation with cytokines, and 
transfer efficiency in LTC-IC found to be significantly su- 
perior in cord blood-derived compared to bone marrow- 
and peripheral blood-derived progenitors (p < 0.05). 
Second, MDR gene expression was evaluated through 
polymerase chain reaction. MDR mRNA expression was 
very low or absent in cultures of uninfected controls, 
whereas, after drug selection, MDR mRNA levels in trans- 
duced cells was as high as in the MDR retroviral producer 
line evaluated as a positive control. Third, flow cytomet- 
ric analysis of CD34 and Pgp expression indicated that 
after MDR transduction and two weeks of culture/drug se- 
lection, membrane expression of Pgp was found on 
17-25% of viable CD34+ cells versus 2-3% of untrans- 
duced controls. Furthermore by means of APAAP stain- 
ing, transduced and cultured cells were found to express 
Pgp on plasma and nuclei membrane, while no specific 
localization was found in untransduced controls. Taken to- 
gether, these data indicate that drug-resistant hemopoiesis 
could be generated by MDR gene transfer in human he- 
mopoietic progenitors from bone marrow, peripheral 
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Percent of drug resistant CFU-GM and CFU-GEMM 



CFU-GM 



CFU-GEMM 



E3CB low density cells, no cytokines 
mBM low density cells, no cytokines 
SCB low density cells, SCF and IL-3 
^CB CD34+ cells, SCF and IL-3 
HBM low density cells, SCF and IL-3 
■BM CD34+ cells, SCF and IL-3 
■PB low density cells, SCF and IL-3 
EJPB CD34+ cells, SCF and IL-3 



Figure 1 Infection efficiency of cord blood (CB). bone marrow (BM) and peripheral blood (PB) low density and CD34+ cells cocultivated in the 
presence of the AI2M1 producer cell line developed by Ward et a/" in order to transfer the MDR gene. PB-derived ' progenitor^ were collected by 
apheresis after sc administration of lQ>ig/Kg G-CSF for 5 days to healthy volunteers. On 5 occasions, low density and purified CD34+ CB. BM and 
PB cells were cultured for 24-48 hours in presence of SCF and IL-3 before transduction, and in 5 studies this stimulation procedure was not done. After 
MDR acne transfer, cells were cultured in presence of doxorubicin, colchicine or taxol, and uninfected controls were also evaluated Results are ex- 
pressed as mean ± 1 SD of the percentage of CFU-GM and CFU-GEMM found to be drug-resistant after transduction and drug selection. When cells 
were primed by cytokines before transduction, the percentage of CFU found to be drug-resistant was superior to that observed after MDRtransfer with- 
out prestimulation with cytokines (p < 0.01). MDR transfer efficiency was superior in PB cells compared to CB and BM cells, and in CB cells com- 
pared to BM cells (p < 0.01 ). In uninfected control (n = 5). 1-2% of CFU-GM and CFU-GEMM were found to be drug resistant (data not shown). 



blood or cord blood. At the present time, two hypothesis 
could explain the higher retrovims-mediated gene trans- 
fer efficiency observed in cord blood compared to bone 
marrow progenitors. Although the number of mitotic cells 
seems to be similar in cord blood and in bone marrow, 
Traycoff et a/ 27 have recently demonstrated that in cord 
blood progenitors the exit from G0/G1 phases of cell cycle 
is more rapid than in bone marrow progenitors. Moreover, 
an autocrine loop production of cytokines such as IL-3 and 
GM-CSF has been recently demonstrated in cord blood 
but not in bone marrow progenitors. 28 Strategies for fur- 
ther improvement of MDR gene transfer efficiency are 
currently under investigation, and involve optimization of 
cytokine combinations to stimulate exit of progenitors 
from G0/G1 cell cycle, the use of a stromal cell layer to 
generate niches in which LTC-IC could enter in S cell cycle 



phase, and continuous flow culture conditions. All these 
procedures could be of help in mimicking the physiologic 
process of blood cell generation and favor MDR gene 
transfer. 



CLINICAL TRIALS INVOLVING MDR 
GENE TRANSFER 

At the present time, three different proposals of clinical 
protocols including MDR gene transfer into human he- 
mopoietic progenitors have been accepted. At Columbia 
University New York, USA and at the National Cancer 
Institute Bethesda, USA, breast, ovarian and brain cancer 
patients will undergo high dose chemotherapy and receive 
autologous CD34+ progenitors from peripheral blood and 
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Percent of drug resistant LTC-IC 




SCB low density cells, SCF and IL-3 
E3CB CD34+ cells, SCF and IL-3 
HBM low density cells, SCF and IL-3 
■BM CD34+ cells, SCF and IL-3 
•PB low density cells, SCF and IL-3 
SPB CD34+ cells, SCF and IL-3 



LTC-IC 

Figure 2 Infection efficiency in long term culture-initiating cells (LTC-IQ derived from cord blood (CB), bone marrow (BM) and peripheral blood 
<PB). PB-derived progenitors were collected by apheresis after sc administration of 1 Oug/Kg G-CSF for 5 days to healthy volunteers. Low density and 
CD34+ cells were cocultivated in the presence of the A12MI producer cell line developed by Ward et a/. ,» ' and LTC-IC were evaluated following the 
method proposed by Sutherland and Eaves. 18 On 3 occasions, low density and purified CD34+ CB, BM and PB cells were cultured for 24-48 hours in 
presence of SCF and IL-3 before transduction. After MDR gene transfer, cells were cultured in presence of doxorubicin, colchicine or taxol. and un- 
infected controls were also evaluated. Results are expressed as mean ± 1 SD of the percentage of LTC-IC found to be drug-resistant after transduction 
and drug selection. Transfer efficiency was superior in CB cells compared to PB and BM cells (p < 0.05). In uninfected control (n = 3), t -6% of CFU- 
GM and CFU-GEMM were found to be drug resistant (data not shown). 



bone marrow, 70% unmanipulated and 30% previously 
transduced with a retroviral vector expressing MDR 
cDNA. 29 " 30 Marrow biopsies will be evaluated for the 
presence and expression of the MDR gene. These studies 
will investigate the safety of the transduction procedure in 
patients, and measure the transfer and expression of the 
MDR gene at the baseline and over different time periods. 
In one trial, patients with residual or progressive disease 
after autologous BMT will be treated with Taxol or vin- 
blastine, asking the question whether chemotherapy am- 
plifies the proportion of progenitors containing the MDR 
provirus. Moreover, sites of relapsed tumor will be biop- 
sied to test for the presence of the MDR provirus. In a third 
clinical trial at the M.D. Anderson Cancer Center in 
Houston, Texas USA, after high dose chemotherapy, ovar- 
ian cancer patients will receive autologous CD34+ bone 
marrow cells, 50% unmanipulated and 50% transduced 
with a MDR retroviral vector. 31 After marrow rescue, 



every three weeks patients will receive Taxol at increas- 
ing doses, in order to promote in vivo selection of prog- 
enitor cells which have retained the MDR transgenome. 
If safety will be demonstrated in these pilot studies, sub- 
sequent phase II trials will be designed to assess efficacy 
of MDR gene transfer in reducing hematologic toxicity 
from high dose chemotherapy. In the autologous trans- 
plantation setting, a key-factor is the availability of puri- 
fied hemopoietic progenitors free of contaminating 
neoplastic cells, which are at risks of being transduced 
with the MDR gene. Although methods for CD34+ prog- 
enitor cell purification are currently available, at the pre- 
sent time they achieve a 70-90% CD34+ cell purity, 2 *- 31 
and exclusion of neoplastic cell contamination by im- 
munohistochemistry, flow cytometry or molecular biol- 
ogy is still required in all clinical trials currently under 
way involving transduction of CD34+ cells. Moreover, 
cancer patients will be enrolled in these studies on the basis 
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Figure 3 Transduced and drug-selected cord blood cells incubated 
with C2I9 monoclonal antibody reacting with Pgp. Immunoreactivity 
was revealed by means of APAAP and hematoxylin counterstaining. 
The majority of unstained cells display the typical morphology of well 
differentiated myeloid cells, while a single* small sized and intensively 
positive cell has staining localized both on the nucleus and in the cyto- 
plasm. (See Color Plate I at the back of this issue.) 



of the absence of CD34 antigen on tumor cells. In addi- 
tion, the possibility of regenerating replication-competent 
retroviruses will be taken into acount, and retroviral vec- 
tors will undergo stringent safety testing to exclude wild- 
type retrovirus contamination. 

CONCLUSIONS 

Established mouse models and in vitro studies in human 
CD34+ progenitors indicate that MDR gene transfer is a 
feasible and attractive approach to generate drug-resistant 
hemopoiesis. This procedure could permit dose escalation 
of chemotherapy in cancer patients, and phase 1 clinical 
trials to evaluate treatment-related toxicity are in progress. 
In the meantime, studies in animal models will indicate 
whether transfer of other drug resistance genes such as 
dihydrofolate reductase, aldh and mrp could be a feasi- 
ble approach to further protect hemopoiesis during 
chemotherapy. Finally, investigators are developing vec- 
tors carrying both MDR and nonselectable genes such as 
P-globin. These vectors could be of most interest for gene 
therapy of hematological inherited diseases, and used fol- 
lowing a two step-approach. In vitro, progenitors could be 
transduced with MDR and the curative gene, purified by 
means of drug selection and expanded ex vivo by liquid 
culture in the presence of cytokines. Subsequently, pa- 
tients could receive progenitors transduced with MDR and 
the curative gene and undergo repeated administration of 
Taxol to gradually select transduced progenitors without 
the need of myeloablation. 
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Abstract. Cell sublines resistant to doxorubicin (DOX) were 
developed from the human leukemia cell line, U-937/ WT. 
exposed to stepwise DOX increases. In contrast to U-937/ WT 
cells, the DOX-resistant U-937/RD cells have longer doubling 
time; are more differentiated along the monocytic lineage as 
determined by the presence of morphological features and 
mRNA coding for the monocyte colony-stimulating factor- 1 
receptor; synthesize the apoptosis-associated Box protein; are less 
sensitive to apoptosis-inducing topoisomerase 1 1 -directed drugs, 
apparently because of increased synthesis of P-glycoprotein; and 
are practically non-tumorigenic when xenografted in nude mice. 
However, U-937/WT and U-937/RD cells exhibit similar 
sensitivity to the apoptosis-inducing drug 9-nitrocamptothecin. 
These findings suggest that several mechanisms are involved in 
the development of DOX-resistance in U-937 cells, and further. 
9-nitrocamptothecin can overcome resistance to DOX. These 
findings may have clinical implications. 

The antitumor drug doxorubicin (DOX) is a naturally 
produced antibiotic frequently prescribed in therapy of a 
broad spectrum of human cancers including leukemias. 
lymphomas, and solid tumors (1.2). The antineoplastic or 
antiproliferative action of DOX is reportedly generated by at 
least seven different means (3). but none of these means has 
been singled out as the most important in inducing clinical 
response in a particular case. Like several other antibiotics. 
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DOX intercalates between base pairs of DNA (4) and 
generates toxic oxygen-free radicals, which cause DNA breaks 
followed by inhibition of DNA-directed RNA synthesis, 
protein synthesis, glutathione synthesis, defective mitoses, 
and high rates of mutation (5-8). Intercalation of DOX into 
chromatin DNA results in topological changes in the region 
of intercalation, which in turn interfere with the breakage- 
reunion reaction of the mammalian DNA enzyme 
topoisomerase II (9). Similarly, DOX inhibits topoisomerase 
I-induced cleavage of DNA in a cell-free system (10), whereas 
a tumor cell line with decreased synthesis of topoisomerase I 
was resistant to doxorubicin (11). Taken together, these 
results show that DOX indirectly inhibits cellular 
topoisomerase I and II activities in cultured cells and cell-free 
systems (10.12.13). Finally, continuous exposure of certain 
tumor cells to sublethal DOX concentrations may result in 
differentiation of these cells (13). 

Despite the successful use of DOX in cancer 
chemotherapy, there are tumors that are either inherently 
insensitive, i.e., intrinsically resistant, or acquire resistance to 
DOX after prolonged treatment of cancer patients with these 
drugs (2). Development of resistance to DOX in human 
leukemia U-937 cells has been associated with increased 
synthesis of* Bc!-X{_ (15). that is. the protein thought to 
function as a negative regulator (i.e., suppressor) of the 
process of programmed cell death (apoptosis: 16). The effect 
of BcI-Xl can be neutralized by the cellular protein Bax that 
. is considered to function as an accelerator of apoptosis 
(17, IS). However, resistance to DOX by most cancer cells is 
reportedly associated with increased synthesis of P- 
glycoprotein that confers multidrug resistance. MDR (19-21). 
increased synthesis of the multidrug resistance-associated 
protein, MRP (22.23), increased synthesis of the glucose- 
regulated stress protein, GRP78 (24), or a combination of 
these events (25,26). Increases in MRP and P-glycoprotein 
synthesis are associated with resistance to low and high DOX 
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Table I. Percent of total ceil population in various fractions of the cell cycle 
in untreated and verapamil-treated U-937/RD WOO cells. 



G0±G 1 



G2 + M 



AP 



A 


40 


50 


2 


8 


B 


30 


57 


3 


10 
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13 
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33 
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a Percent of cells in each fraction was calculated by computer analysis of 
the histograms shown 
in Figure 8. 



concentrations, respectively, that is, the increase in MRP 
synthesis precedes the increase in P-glycoprotein synthesis 
(25,26). Consequently, malignant cells and tumors resistant 
to DOX and having the MPR and MDR phenotype should be 
treated with drugs that can overcome these phenotypes. For 
example, camptothecin is an anticancer compound that 
overcomes expression of the MDR phenotype (27). 

The plant alkaloid camptothecin (CPT) and the 
epipodophyllotoxin etoposide interfere with the mechanism 
of action of the nuclear enzymes topoisomerase I and II, 
respectively,- by stabilizing the cleavable DNA-topoisomerase 
covalent complex, thus preventing subsequent DNA reunion 
and consequently producing DNA strand breaks which, if 
unrepaired, may eventually result in apoptosis (reviewed in 
refs. 28,29). CPT and its semi-synthetic derivative 9-nitro- 
CPT (9NC) have demonstrated high cytostatic and cytotoxic 
activity in a variety of human tumor cells in vitro and in vivo 
(reviewed in refs. 30,31). In general, the mechanism of action 
of CPT analogues and etoposide are very different from the 
mechanism of action of DOX. Therefore, in this report we 
have developed DOX-resistant human leukemia U-937 cell 
sublines in vitro and studied whether these cells have 
developed altered sensitivities to 9NC and etoposide and 
whether the responses correlate with proteins associated with 
resistance, regulation of apoptosis, and cell differentiation. 
The findings of these studies provide valuable information for 
development of protocols used in the chemotherapy of 
leukemias and other human malignancies. 

Materials and Methods 

Drugs The anthracvcline antibiotic DOX (Cetus; Emeryville, CA) and 
etoposide (VePesid: Bristol-Myers Squibb, Evansville, IN) were supplied 
as aqueous solutions. 9NC was prepared and purified from crude extract 
of CPT in our laboratory according to published procedures (32), and 
then used as a fine suspension in polyethylene glycol (PEG 400; Aldnch 
Milwaukee, Wl). Verapamil was from Sigma (St. Louis ; MO). 
Treatment of cells with various compounds are described in the 
appropriate section of the text. 

DOX-resistant cells. DOX-resistant (U-937/RD) cell sublines were 
developed from wild-type U-937 (U-937/WT) cells adapted to grow- in 
media containing progressively increased concentrations of DOX. Thus, 
the U-937/RD40, U-937/RD200 and U-937/RD1000 cell sublines have 
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Figure 1. Proliferation of U-937/WT and U-397/RD cells. Exponentially 
proliferating cells were pelleted by gentle centrifugation and resuspended at 
1.5x105 cells/ml in 75% fresh media - 25% media conditioned by U- 
937IWT cells Subsequently, the cultures received no other additive (U- 
937/WT) or doxorubicin at 40 nglml (U-937IRD40) and 1000 ng/ml (V- 
937/RD1000). Live cells were counted every 24 hr. WT, U-937/WT; 
RD40. U-937/RD40, and RD 1000, U-937 jRD 1000. 



been adapted to propagate in media containing 40 ng, 200 ng, and 1000 
ne DOX per ml. respectively. The cells remained in drug-containing 
media for 4 additional months before they were used in the stuuies 
reported here or stored frozen in liquid nitrogen for future studies. 
Each cell subline was considered established when the following catena 
were satisfied: (a) the number of viable cells in the culture was 
constantly above 95% as assessed by the trypan blue exclusion method 
(b) no further variations were observed in the proliferation rates of 
continuouslv propagated cells, (c) no significant changes were detected 
in the relative DNA content of cell fractions as determined by flow 
cvtometW and (d) no further changes in morphological features were 
observed bv microscopv of stained cells. U-937/WT and U-937/RD cells 
were maintained in RPMI 1640 medium (GIBCO: Grand Island. N\) 
supplemented with 10% bovine serum, glutamine. antibiotics, and the 
appropriate drug concentration. The cell cultures were incubated at 
37X in a humidified, 5% C02-atmosphere, 

Microscopy and flow cytometry. Cytosp in -pre pared slides of cells were 
fixed stained with Wright-Giemsa (Accustain: Sigma, St. Louis, MO), 
examined under a Zeiss microscope equipped with an electronically 
adjusted camera, and photomicrographed on Kodak 200 film. Relative 
DNA content of cells was determined by flow cytometry using an 
EPICS-ELITE Laser Flow Cvtometer (Coulter Corp., Hialeah, FL) and 
analyzed with the aid of the MULTICYCLE program (Phoenix Flow 
Systems; San Diego, CA) that provides highly accurate evaluation of S- 
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Figure 2. Morphology of stained cells. Exponentially proliferating U-937/WT (A), U-937/RD40 (B) and U-937/RD1000 (C) cells were pelleted on slides, 
stained and photomicrographed. Bar equals 20 nm (in C). 



phase of an asynchronous cell population (reviewed in ref. 33). ' The 
methodologies for microscopy and flow cytometry used in the present 
study have been used in several recent reports (34-39). 

Western blot analysis. Cells were washed twice in PBS and then lysed in 
200 ul of 1 mM EDTA, 0.2% Triton X-100, 10 ug/ml leupeptin. 10 ug/ml 
E64. 10 ug/ml pepstatin, 1 ^g/rnl aprotinin, 20 jig/ml chymostatin, 50 
\igfm\ bestatin, 50 ug/1 phosphoramidon. and 50 ug/ml antipan- 
dihydrochloride. The lysate was centrifuged at 12,500 xg for 10 min at 
4°C, and the clarified supernatant was recovered. The protein 
concentration in the whole cell extract was determined using BioRad 
protein assay reagents. Fifty ug of protein were subjected to 
electrophoresis in a 12% polyacrylamide gel under non-reducing 
conditions. Afterwards, proteins were transferred onto nitrocellulose via 
electrophoresis in a Trans-Blot chamber (BioRad). Bcl-2 and Bax 
proteins were detected with a monoclonal mouse antibody that 
recognizes human Bcl-2 protein (Oncogene Science) and a polyclonal 
antibody that recognizes Bax protein (Santa Cruz Biotechnology, Inc., 
Santa Cruz, CA). The antibody-bound proteins were visualized by 
chemiluminescence (ECL-Western reagents: Amersham) according to 
the protocols provided by the manufacturers. 

RNA analysis. Total RNA was prepared according to the procedure of 
Gough (40) and 50 ug were electrophoresed on a 1.2% agarose gel 
containing 6% formaldehyde. The RNA was transferred onto a 
nitrocellulose filter, immobilized by U.V. irradiation (Stratalinker; 
Stratagene, La Jolla, CA), and then incubated at 42 °C for 4 hr in 5x 
Denhardts solution containing 50% formamide, 0.5% SDS, and 100 
ug/ml salmon sperm DNA. This was followed by an incubation at 42 °C 
for 15 hr in 5x Denhardt's solution containing 50% formamide, 5x SSPE. 
0.1% SDS, 100 ug/ml salmon sperm DNA, and 10^ cpm/ml of 
radiolabeled probe. The filter was washed three times in O.lx SSC 
buffer - 0.1% SDS at 60°C with a buffer change every 45 min. The 
washed filter was air-dried and exposed to X-ray films at -85 *C. The 
DNA probe used was the 4.0-kb EcoRl fragment of the human c-fms 
gene purified from the pc-fins 102 plasmid (41). The probe was 
radiolabeled with (a-^P)dATP using random priming reagents 
purchased from Stratagene. 

Tumorigenicity of cells. The ability of DOX- resistant cells to induce 
tumors in immunodeficient (nude) mice was tested as described (42). 
Briefly, about 2xl0 7 live cells were inoculated in each mouse, 
subcutaneously, and tumor growth was monitored daily by direct 
observation. Each cell type was tested in a group of six mice. Animals of 
the control group were inoculated with U-937/WT cells. In some 
instances, tumor specimens were surgically removed from anesthetized 



tumor-bearing mice and retransplanted in new mouse groups at six mice 
per group. Serial tumor transplantation in nude mice is a methodology 
that indicates tumorigenic ability, and tumor growth aggressiveness 
(43,44). 



Results 

Cell proliferation and DNA content. Figure 1 shows the 
proliferation curves of U-937/WT and U-937/RD cells. 
Proliferation of the U-937/RD cells was monitored while the 
cell cultures were propagated in media continuously 
containing DOX. It is apparent that the U-937/RD cells 
proliferate much slower than U-937/WT cells. The doubling 
times of the cells were estimated from the steepest slope of 
the curves to be 20±2 hr, 34±6 hr, and > 100 hr for the U- 
937/WT, U-937/RD40, and U-937/RD1000 cells, respectively. 
The doubling times were estimated from four to six 
experiments for each cell subline, and while 95% or more of 
the cells were alive as assessed by the trypan blue exclusion 
method. 

Studies of proliferation rates of the cell sublines were 
accompanied by analyses of relative DNA contents of the 
cells using flow cytometry. The mean DNA content in the 
cells in G0+G1, or DNA index (DI), for the U-937/WT and 
U-937/RD1000 cells are 1.45+0.06 and 1.76+0.03, 
respectively, following six determinations per cell subline. 
These results indicate an apparent increase in the DI of the 
U-937/RD1000 cells. 

Morphology of doxonibicin-resistam cells. Figure 2 shows U- 
937/WT and DOX-resistant U-937 cells photo-micrographed 
at the same magnification. U-937/WT cells exhibit a fairly 
homogeneous size, small basophilic cytoplasm, and strongly 
stained reticular nuclei (A). However, U-937/RD40 (B) and 
U-937/RD1000 (C) cells are more enlarged than U-937/WT 
cells with increased ratio of cytoplasm to nucleus, and are 
finely granular. In addition, U-937/RD1000 cells are very 
basophilic (C). 
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24 hr and plotted as percent of the cell number in the control culture that was taken to be 100%. 



Treatment of resistant celb with topoisomerase-directed drugs. 
In recent reports, we have shown that development of U-937 
cell sublines resistant to 9NC is accompanied by increased 
sensitivity to etoposide (45), and reversibly, increased 
resistance to etoposide renders the cells more sensitive to 
9NC (unpublished data). Therefore, in this section, we have 
studied whether U-937/RD40 and U-937/RD1000 cells 
exhibit altered sensitivities to the topo I-directed 9NC and 
topo II-directed etoposide. Comparison was made with the 
sensitivities of U-937/WT cells to these drugs. All three cell 
types were treated with the same 9NC or etoposide 
concentration and inhibition of cell proliferation was 
estimated as percent of the proliferation rate of untreated 
cells that was considered to be 100%. The results of these 
studies are graphically shown in Figure 3. U-937/WT and U- 
937/RD cells are about equally sensitive to 9NC but U- 
937/RD cells are significantly more resistant than U-937/WT 
cells to etoposide. In fact, treatment with 1000 nM of 
etoposide for 72 hr resulted in death of virtually all U- 
937/WT cells, while 60% or more of the U-937/RD cells were 
still alive at 72 hr of drug treatment. However, continuous 
presence of etoposide in cultures of U-937/RD cells resulted 
only in a partial inhibition of cell proliferation, since after 96 
hr, etoposide-treated and untreated U-937/RD cells exhibited 
similar proliferation rates (results not shown). 

In parallel studies, we monitored perturbations in the cell 
cycle of cells treated with 9NC or etoposide for various 



periods of time. The cell cycle changes were monitored by 
detecting changes in the relative DNA content of cells using 
flow cytometry. The results (histograms) are shown in Figure 
4. No apparent changes were observed in the cell cycle of U- 
937/WT cells treated with 20 nM 9NC for 24 hr (group A, 
histogram D), but there was an increased accumulation of 
cells at G2 after 72 hr and 120 hr of treatment (histograms E 
and F, respectively). A fraction of apoptotic cells (AP) 
appeared only after a 120 hr-period of treatment with 20 nM 
9NC (histogram F). However, 20 nM 9NC induced dramatic 
perturbations in the cell cycle of U-937/RD40 (group B, 
histograms D,E,F) and U-937/RD1000 cells (group C, 
histograms D.E.F) with appearance of a large apoptotic 
fraction after 72 hr of treatment (histogram E). The AP 
fraction increased further after 120 hr of treatment with 20 
nM 9NC'(nistograms F). A 9NC-concentration of 100 nM 
induced accumulation of virtually all U-937/WT cells at late- 
S/G2 (group A, histogram H), followed by apoptosis during 
further treatment (group A, histogram I). However, the 
same 9NC concentration induced accumulation of the U- 
937/RD1000 cells in the S-phase rather than in late-S/G2, 
with an apoptotic fraction (group C histograms H and I) 
smaller than that observed in U-937/RD40 cells (group B, 
histograms H and I). 

In this section, we also monitored perturbations in the cell 
cycle of U-937/WT and U-937/RD cells treated with the topo 
II-directed drug etoposide. The results are included in Figure 
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Figure 4. Perturbations in the celt cycle of cells treated with topoisomerase- 
directed drugs. Group A: V-9371WT cells; Group B: U-937/RD40 cells; 
Group C: U-937IRD1000 cells; histograms AM.C,: untreated cells; 
histograms D.E,F; cells +20 nM 9NC; histograms GMJ: cells + 100 nM 
9NC; histograms J.KL; cells +200 nM etoposide; histograms M.NO: cells 
+ 1000 nM etoposide. Control and treated cells at 24 hr (A,D,GJ,M). 72 hr 
(B.EMXN) and 120 hrs (CFXLO). Gl = GO + Gl ; G2= G2 + M; 
AP = apoptotic fraction. 



4. It can be seen that 200 nM etoposide induced arrest of 
some cells in G2. and subsequent apoptosis during treatment 
for 72 hr and 120 hr (group A ? histograms K and L). On the 
other hand, the same etoposide concentration had no 
significant effect on the cell cycle of U-937/RD40 (group B, 
histograms J,K.L) and U-937/RD1000 (group C histograms 
J,K,L) cells. The only change observed is a continuous 
decrease in the S- and G2-fractions, apparently as a result of 
the decrease in proliferation rates of the cells. Further, a 
much higher etoposide concentration of 1000 nM induced a 
dramatic accumulation of cells at G2, appearance of 
apoptotic cells, and a simultaneous decrease in the Gl- 
fraction (group A, histograms M and N) ? while longer 
exposure to this drug concentration resulted in apoptosis in 
almost all wild-type cells (group A, histogram O). In contrast, 
1000 nM of etoposide resulted in a small increase in the 
apoptotic fraction of U-937/RD40, but not U-937/RD1000 
cells. These results indicate that U-937/RD1000 cells are 
more resistant than U-937/RD40 cells to etoposide 
treatments. Taken together the findings in this section, the 
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Fiuure 5. Detection of Box. Total cell protein was prepared from U- 
937/ WT. U-937IRD40 and U-937/RD1000 cells and subjected to Western 
blot analysis using an antibody specific for Box protein. 
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Figure 6. Detection of c-fms mRNA, Total cellular RNA was prepared 
from U-937/WT. U-937/RD40 and U-937IRDW00 cells and subjected to 
Northern blot analysis for presence of c-fms and GAPDH mRNAs. 



conclusion is that U-937/RD cells are sensitive to 9NC like 
U-937/WT cells, but less sensitive than U-937/WT cells to 
etoposide. 

Synthesis of proteins regulating apoptosis. The proteins Bcl-2 
and Bax have been associated with one of the mechanisms 
that regulates apoptosis in cells exposed to various cytotoxic 
agents (16,17.46,47). Therefore, steady-state synthesis of Bcl- 
2 and Bax was investigated in wild-type and DOX-resistant U- 
937 cells by Western analysis. Very little Bcl-2 was detected 
in U-937/WT and synthesis of this protein was not increased 
in U-937/RD cells, whereas a high level of Bax protein was 
present in the DOX-resistant cells, but only a low level 
presumably basal level, synthesis was observed in U-937/WT 
cells (Figure 5). 

Detection of c-fms mRNA in DOX-resistant cells. Molecular 
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Figure 7. Proliferation of U-937/RD1000 ceils in presence of verapamil. 
U'937fRD1000 cells were grown in continuous presence of 1000 ng/ml 
DOX. Exponentially growing cells were removed and equal number of cells 
were transferred to fresh culture media containing verapamil alone (%) or 
verapamil and DOX (*)■ Live cells were counted at 72 hr of drug 
treatment 

hybridization studies revealed no detectable presence oi c-fms 
mRNA in U-937/WT cells, whereas this mRNA species was 
readily detected in DOX-resistant cells (Figure 6). There was 
no significant difference in the amounts of c-fms mRNA 
detected in U-937/RD40 and U-937/RD1000 cells despite the 
fact that U-937/RD1000 cells are 25 times more resistant 
than U-937/RD40 cells to DOX. Detection of similar 
amounts of GAPDH mRNA in U-937/WT and U-937/RD 
cells confirmed that equal amounts of total cellular RNA 
were subjected to analysis for presence of c-fms mRNA. 

Acquired resistance to DOX is partially associated with P- 
gtycoprotein. It has been shown that synthesis of P- 
glycoprotein confers resistance to cells against several 
anticancer drugs derived from plants, and that the action of P- 
olycoprotein can be overcome in drug-resistant cells in the 
presence of the compound verapamil (reviewed in refs. 
48.49). Therefore, in this section, we have used verapamil to 
investigate whether resistance to DOX in U-937/RD cells is 
associated with P-glycoprotein. Verapamil was used at 
various concentrations, the maximal being 20 uM. In preli- 
minary studies, it was determined that verapamil 
concentrations of 20 uM or less do not affect proliferation of 
U-937/WT cells. For each verapamil concentration used, 



three aiiquots containing equal number of cells were removed 
from a culture of exponentially grown cells and gently 
centrifuged. One cell pellet was resuspended in fresh media 
containing the appropriate DOX concentration (culture A); 
the second cell pellet was suspended and washed in PBS, then 
resuspended in fresh media with no DOX but containing 
verapamil (culture B); the third cell pellet was resuspended in 
media containing DOX and verapamil (culture C). All 
cultures were incubated at 37°C for 72 hr, then aiiquots were 
removed and live cells were scored as an indicator of changes 
in the proliferation rates. The results of the studies with U- 
937/RD1000 cells are shown in Figure 7. Presence of 
verapamil inhibited cell proliferation both in absence and 
presence of DOX, but the verapamil-induced inhibition was 
more dramatic in presence of DOX, apparently because DOX 
was more active in presence of verapamil. 

Studies of cell proliferation were accompanied by 
observations on perturbations in the cell cycle reflected by 
changes in the relative DNA content and determined by flow 
cytometry. Histograms of verapamil-untreated and treated 
U-937/RD1000 cells are shown in Figure 8. Compared to 
cells exposed to DOX alone (histogram A), there was an 
apparent increase in the S-fraction of cells treated with 
verapamil alone (histogram B), whereas exposure to both 
drugs, DOX and verapamil, resulted in accumulation of a 
large number of cells in late S- and M-phases, and generation 
of a readily detected apoptotic fraction (histogram C). 
Similar results were obtained with both U-937/RD40 and U- 
937/RD1000 cells, and therefore, only results with U- 
937/RD1000 cells are shown in Figures. 7 and 8. Taken 
together, these findings suggest that verapamil results in a 
more extensive decrease in cell proliferation in presence 
rather than in absence of DOX, and that part of this decrease 
is due to death of a portion of the cultured cells. 

Tumorigenic ability of cells. We have recently shown that U- 
937/WT cells xenografted in nude mice induce visible tumors 
7 to 10 days postinoculation (33). Therefore, in this section, 
we have tested the tumorigenic ability of U-937/RD cells 
xenografted in nude mice. Following daily examinations, 
visible tumors appeared 8-10 days in animals inoculated with 
U-937/WT cells in agreement with previous observations (33). 
Of the six animals inoculated with U-937/RD40 cells, four 
developed small tumors. Samples removed from these 
tumors were transplanted into new groups of mice or 
subjected to isoenzyme analysis to assess the human origin of 
tumors. None of the transplanted samples induced tumors 
two months after transplantation, whereas transplanted U- 
937/WT (control) biopsies induced tumors 6-8 days after 
transplantation. Similarly, U-937/RD1000 cells induced 
tumors in two of six inoculated mice, with no induction of 
tumors following serial transplantation. The human origin of 
the transplanted tumors was assessed by isoenzyme analysis. 
Therefore, the results of these studies indicate that U-937/RD 
cells lack tumorigenic ability. 
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Fieure 8 Perturbations in the cell eve/e of U-937/RD1000 cells treated with verapamil. U-937/RD1000 cells were treated as in Figure 7 for 72 hr and 
analyzed for relative DNA content by flow cytometry. The histograms shown are from cells treated with DOX alone (A), 20 mM verapamil alone (B). and 
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Discussion 

Acquisition of resistance to DOX by cancer cells or tumors 
dictates that these cells or tumors must be treated with 
another agent that acts via a mechanism different than that of 
DOX. The choice of a chemotherapeutic agent that will 
effectively target DOX-resistant cells will be more successful 
if we could identify events and/or properties associated with 
development of DOX-resistance. 

In this study, we have presented evidence that increases in 
resistance to DOX correlate with slower proliferation rates of 
the resistant cells. These changes in the length of the cell 
doubling time could be associated with differentiation of 
these cells. Indeed, loss of the round appearance of the 
nuclei is an indicator that the DOX-resistant U-937 cells are 
more differentiated than the U-937/WT cells. In addition, c- 
fms mRNA was detected in U-937/RD but not U-937/WT 
cells. c-fms mRNA codes for the monocyte colony- 
stimulating factor- 1 receptor, CSF-IR (50), which is primarily 
present in peripheral blood monocytes, tissue macrophages 
and their committed bone marrow progenitors (51), and 
leukemia cells induced to differentiate along the monocytic 
lineage in vitro (52,53). Finally, induction of differentiation, 
i.e., maturation, correlates well with the decreased ability or 
inability of U-937/RD cells to induce tumors when 
xenografted in nude mice. In contrast, U-937/WT cells are 
highly tumorigenic when xenografted in nude mice, with 
visible tumors appearing 7 to 10 days after cell inoculation 
(54). In this regard, it is well documented that in the majority 
of the tumors studied, the more differentiated the human 
cells, the less they take in nude mice (55). In conclusion, the 
findings described in this report show that development of 
resistance to DOX by U-937 ceils is intimately associated with 
induction of differentiation of these cells along the monocytic 
lineage. 

DOX indirectly interferes with the mechanisms of action of 



topoisomerase I and II (9,13) and this leads to altered levels 
of DNA-topoisomerase cleavable complexes that are targeted 
by topoisomerase-directed drugs. Therefore, we have 
investigated whether DOX-resistant U-937 cells exhibit 
different sensitivities than U-937/WT cells to the 
topoisomerase I- and II-directed drugs 9NC and etoposide, 
respectively. Our studies showed that U-937/WT and U- 
937/RD cells exhibited similar sensitivity to 9NC, that is, the 
sensitivity to 9NC remains practically unaltered in U-937 cells 
that developed resistance to DOX. In contrast, the U- 
937/RD cells demonstrate much less sensitivity than U- 
937/WT cells to etoposide, in agreement with a previous 
report that development of resistance to DOX in mouse 
leukemia L1210 and P388 cells correlates with a decrease in 
topo II activity (56,57). Pertinent to these findings are 
reports that, unlike camptothecin, DOX and etoposide 
cannot overcome overexpression of P-glycoprotein that 
confers resistance in malignant cells to several unrelated 
anticancer drugs ( 19,58-60). Further, low concentrations of 
verapamil had little or no effect on the proliferation rate of 
U-937/RD cells in absence of DOX, but the same drug 
concentrations resulted in increased inhibition or cessation of 
cell proliferation in presence of DOX, and this was followed 
by induction of apoptosis in a portion of cells in the culture. 
Apparently, verapamil circumvented P-glycoprotein-induced 
neutralization of the cytotoxic effect of DOX. Because of 
these results we have concluded that part of the acquired 
insensitivity to DOX correlates with presence of P- 
glycoprotein. We have not investigated whether U-937/RD 
cells synthesize the multidrug resistance-associated protein, 
MRP. However, it has been recently reported that induction 
of MRP overexpression occurs before that of the P- 
glycoprotein gene (25). 

" Also of interest is our finding that DOX-resistant cells 
overproduce Bax. whereas this protein is not readily detected 
in U-937/WT cells. Molecular and cellular studies have 
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shown that the anti-apoptotic proteins Bcl-2 and Bcl-x must 
heterodimerize with Bax to regulate apoptosis (17,61). and 
overexpression of Bax sensitizes the cells to induction of 
apoptosis (47). It has been proposed that the ratio of Bcl-2 or 
Bcl-x to Bax determines the cell's susceptibility to a stimulus 
of apoptosis (17.62). Further, it has been recently reported 
that constitutive overexpression of Bc1-Xl ? but not Bcl-2. 
correlates with development of resistance in U-937 cells to 
DOX. vincristine, and radiation (15). The findings in this 
report show marked differences in the levels of Bax synthesis 
in U-W/WT and U-937/RD cells. However, these cells differ 
in susceptibility to etoposide but not to 9NC, and. therefore, 
it is possible that Bax overproduction correlates with 
resistance of U-937/RD ceils only to certain chemothe- 
rapeutic agents. Further, we have shown that U-937/RD cells 
are more^ differentiated than U-937/WT cells along the 
monocytic lineage, and therefore a possibility is that Bax 
overexpression correlates with the stage of cell maturation. 
In contrast, a marked decrease in Bcl-2 mRNA and protein 
levels was observed in monocytic as well as granulocytic 
differentiated HL-60 cells (63). There is no experimental 
evidence to correlate overproduction of Bax with cell 
differentiation and/or resistance to various chemotherapeutic 
agents. Such studies are underway in our laboratory. 

In conclusion, the findings reported here show that 
development of U-937 cell resistance to DOX is a process 
that involves more than one factor. However, the clinical 
importance is that 9NC is the drug of choice for the effective 
treatment of U-937 cells, and possibly other cell types and 
tumors, that develop resistance to DOX. 
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Generation of Lymphohematopoietic Cells from 
Embryonic Stem Cells in Culture W 

Toru Nakano, Hiroaki Kodama, Tasuku Honjo "t 



An efficient system was developed that induced the differentiation of embryonic stem (ES) 
cells into blood cells of erythroid, myeloid, and B cell lineages by coculture with the stromal 
cell line OP9. This cell line does not express functional macrophage colony-stimulating 
factor (M-CSF). The presence of M-CSF had inhibitory effects on the differentiation of ES 
cells to blood cells other than macrophages. Embryoid body formation or addition ^ 
exogenous growth factors was not required, and differentiation was highly reproducfl^ 
even after the selection of ES cells with the antibiotic G418. Combined with the abilrtyto 
genetically manipulate ES cells, this system will facilitate the study of molecular r****^ 
anisms involved in development and differentiation of hematopoietic cells. 



local mast cell replacement (7). Trigger- 
ing ot mast cells could result in the release 
of preformed mediators, thereby increas- 
ing vascular permeability, activating com- 
plement, and stimulating the local adhe- 
sion and migration of neutrophils. Resi- 
dent macrophages, dendritic cells, or neu- 
trophils may serve a similar role in 
triggering a chemotactic cascade. FcR 
cross-linking by immune complexes on 
either of these cells may directly or in 
synergy with complement receptors result 
in the activation of complement compo- 
nents, along with known pro-inflammato- 
ry mediators, and thereby set off the cas- 
cade of events that culminates in the 
dramatic sequelae of the inflammatory re- 
sponse. In either case, inhibition of FcR 
cross-linking by immune complexes can 
be expected to attenuate the inflammato- 
ry response by targeting the initiation of 
the cascade rather than its propagation 
and amplification. Targeting of these re- 
ceptors in autoimmune diseases represents 
another potentially potent therapeutic 
approach to preventing tissue injury by 
immune complexes. 
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Xhe mechanisms of determination and dif- 
ferentiation that lead to the formation of 
hematopoietic cells from the inner cell mass 
of blastocysts through mesodermal cells are 
still unelucidated in spite of identification 
of numerous hematopoietic growth factors. 
Hematopoietic differentiation of ES cells 
can be induced in vitro (1-3), but these 
systems require formation of complex em- 
bryoid structures or addition of exogenous 
growth factors, or both (1-3). Other limi- 
tations are the inability to dissect the de- 
velopmental processes from ES cells to 
blood cells and the lack of simultaneous 
induction of both myeloid and lymphoid 
lineage cells. To overcome these limita- 
tions, we tested whether coculture of ES 
cells on stromal cells without exogenous 
growth factors might induce lymphohema- 
topoietic differentiation. We initially tried 
the stromal cell lines ST2, PA6 ? and 
RP0.10 (3, 4), but these cell lines gave rise 
almost exclusively to macrophages. 

Because M-CSF might be responsible for 
the preferential differentiation of ES cells 
into the monocyte- macrophage lineage (5), 
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we examined the differentiation-indueSg- 
activity of the OP9 stromal cell line/Jagg ; 
line was established from newborn c aljgBfc 
of the (C57BL/6xC3H)F 2 -op/op SSm 
that lacks functional M-CSF becauseJ^T 
mutation in the M-CSF gene (6, 7). E>fp$ 
cells established from the 129/Sv mouse*, 
strain (I) produced two types of colonies^S 
days after transfer onto OP9 cells; one was 
typical of an undifferentiated ES cell colony 
(Fig. 1A) and the other had features if ' 
differentiated mesoderm-like colonies 
which consisted of M0 3 adherent blastk 
cells larger than D3 cells (Fig. IB) (8). Iht 
whole culture was then trypsinized and 
passed onto fresh OP9 cells (9). Clusters 
consisting of round cells with homogeneous 
sizes developed within 1 day, and the num- 
bers ot cells increased rapidly (Fig. 1C). 
When individual day 5 colonies were ana- 
lyzed, more than 95% of differentiated col- 
onies produced the clusters, whereas less 
than 5% of undifferentiated colonies did 
(10). If the first passage was not done, 
hematopoietic cells were buried in the col- 
onies and could not be observed. Cells were 
usually passed again 5 days after the first 
passage. This second passage, although.nit 
essential for dissecting hematopoiesis, elini- 
inates residual undifferentiated or differen- 
tiated colonies. After the second passage 
round cells of various sizes predominated 
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ransferred to a nitrocellulose filter, and hybridized 
.vith 32 P.|abeled, 0.9-kb Hind lll-Xba I JH4 probe 

RNA was prepared by using TRIzol (Life Technolo- 
jes. Gaithersburg, MD). About 2 ^g of total RNA 
was used for first strand synthesis by using random 
texamer (18). The forward primer is VH1BACK 
AGGT%^y G CTGCAG%AGTCMC. Backward 
Drimers are CH1RC, AATGGGCACATGCAGATC- 
TC: and CH1HE, TCAGACAGGGGGCTCTCG (20). 
The complementary DNA was amplified with 
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•Ve cultured I0 d D3 ES cells on OP9 cells for 5 
ays in the presence or absence of M-CSF as 
ndicated. The numbers of differentiated and un- 
differentiated colonies were counted. Both differ- 
entiated and undifferentiated colonies were 
^ypsinized. and 10 s cells were transferred onto 
?esh OP9 cells and cultured for another 5 days in 
*e presence or absence of M-CSF as indicated, 
'en days after the initiation of the differentiation 
nduction, the number of dusters were counted. 
After removal of OP9 cells the number of harvest- 
ed cells were counted, and cytospin specimens 
stained with May-Grunwald Giemsa were exam- 



ined to discriminate between macrophages and 
nonmacrophages. Data in Table 2 are shown as 
cumulative numbers yielded from i0 4 ES cells at 
the initiation of the induction. 
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Derealization of Vg1 mRNA from the Vegetal 
Cortex in Xenopus Oocytes After Destruction 

of Xlsirt RNA 

Malgorzata Kloc and Laurence D. Etkin* 

The Xlsirts are a family of transcribed repeat sequence genes that do not code for protein 
Xlsirt RNAs become localized to the vegetal cortex of Xenopus oocytes early in oogenesis" 
before the localization of the messenger RNA Vg1 , which encodes a transforming growth 
factor-p-hke molecule involved in mesoderm formation, and coincident with the local- 
ization of Xcat2 transcripts, which encode a nanos-like molecule. Destruction of the 
localized Xlsirts by injection of antisense oligodeoxynucleotides into stage 4 oocytes 
resulted in the release of Vg1 transcripts but not Xcat2 transcripts from the vegetal cortex 
Xlsirt RNAs, which may be a structural component of the vegetal cortex, are a crucial part 
of a genetic pathway necessary for the proper localization of Vg 1 that leads to subsequent 
normal pattern formation. 



Normal development of the vertebrate 
embryo is dependent on the proper spatial 
organization of maternally expressed mac- 
romolecules in the oocyte. In amphibian 
oocytes, mRNAs are localized at both the 
animal and vegetal regions (J). The veg- 
etally localized mRNAs include Vgl (2), 
which encodes a TGF-p-Iike molecule 
implicated in mesoderm formation, and 
Xcat2 (3), which encodes a nanos-like 
molecule. Based on the roles of their pu- 
tative homologs in Drosophila, it is likely 
that these gene products are involved in 
axial patterning of the early amphibian 
embryo. Therefore, unraveling the genet- 
ic pathways involved in the localization 
of these transcripts would give greater 
insight into how the vertebrate body plan 
is established. 

A group of nontranslatable inter- 
spersed repeat transcripts, Xlsirts, is also 
localized to the vegetal cortex of Xenopus 
oocytes during the early stages of oogen- 
esis and may be a structural component of 
the cortex involved in the localization of 
other RNAs (4). To determine whether 
Xlsirts function to localize other RNAs at 
the vegetal cortex, we injected anti-sense 
oligodeoxynucleotides (AS ODNs) into 
stage 4 oocytes (5) to destroy the endog- 
enous localized Xlsirt RNAs and analyzed 
the subsequent distribution of Vgl and 
Xcat2 RNAs. Because Xlsirt RNAs do not 
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M. D. Anderson Cancer Center. 1515 Holcombe Boule- 
vard, Houston, TX 77030, USA. 

*To whom correspondence should be addressed. 
SCIENCE • VOL 265 • 19 AUGUST 1994 



code for protein, destruction of the RNA 
with AS ODNs should create a null mu- 
tant (6, 7). 

The Xlsirt AS ODNs consisted of a 
mixture of two different phosphothiolated 
17-mers. We determined that the optimal 
dosage was 50 ng [that dose destroyed 
the Xlsirts without causing nonspecific 
toxic effects (8)J. Xlsirt RNA that was 
localized at the vegetal cortex was detect- 
ed in oocytes injected with a control 
ODN for another maternally transcribed 
RNA, Xlcaax (formerly Xlgv 7) (6, 9) 
(Fig. 1A). However, we did not detect 
any Xlsirt RNA localized at the vegetal 
cortex by in situ hybridization in oocytes 
that were injected with Xlsirt AS ODNs 
and cultured for 3 days (Fig. IB). Xlcaax 
ODNs do not produce any nonspecific 
toxic effects when injected into oocytes 
(6-8). 

Xlsirts are a heterogeneous population 
of RNAs consisting of transcripts from 
both strands of the genes (4). Those mol- 
ecules found localized at the vegetal cor- 
tex consist of transcripts from one strand 
that are referred to as sense strand tran- 
scripts. Other Xlsirt RNAs are found 
throughout the cytoplasm and in the ger- 
minal vesicle (GV) and may exist as dou- 
ble-stranded molecules. Xlsirt RNAs ap- 
pear as a smear on Northern (RNA) blots 
(4, 10). On Northern blots of RNA iso- 
lated from oocytes injected with Xlsirt AS 
ODNs, we detected a small decrease in 
the amount of Xlsirt RNA but not the loss 
of any specific RNA species. This result 
made it difficult to determine the effi- 
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T i D), whereas undifferentiated or meso- 
",^1-like colonies were virtually undetect- 
q L , After 14 days, round cells began to 
*', rlc -h from the stromal cells, presumably 
\. u ise of complete differentiation. 

fhe majority of cells at day 8 looked 
u e immature hematopoietic cells (Fig. 
q At day 14, 2- to 8 X 10 6 cells arose 
I0 4 D3 cells, and more than 90% of 
. t . cells exhibited variable morphology of 

flintopoietic lineage cells (Fig. IF) con- 
ning of neutrophils, macrophages, ery- 
l f0 id cells, mast cells, megakaryocytes, 
iJ lymphoid cells. Differentiation into 
^matopoietic progenitor cells, erythroid 
n enge cells, and granulocyte-macroph- 
, e cells was confirmed by staining with 
„ lin oclonal antibodies (mAbs) against c- 
v ; (15%), TER-119 (25%), and Mac-1 
respectively (Fig. 2A). A signifi- 



qg. 1. Photographs of the cells af- 
j differentiation induction. Pas- 
^ge of cocultured ES cells was 
:; ne 5 and 10 days after initiation, 
'ne points of phase contrast mi- 
roscope photographs (A to D) are 
•cicated at the bottom of the fig- 
ure; undifferentiated colonies (A), 
; ierentiated mesoderm-like colo- 
Tes (B), hematopoietic cell clusters 
:j, and differentiated blood cells 
% Cells from clusters (E) 8 and (F) 
days after the differentiation 
-duction were prepared by cyto- 
;3ntrifugation (Shandon Southern 
>oducts r Sewickly, PA), fixed, and 
gained with May-Grunwald Gi- 
?nsa. Day 10 hematopoietic cell 
-usters were picked up and cul- 
■jred in semisolid media under (G) 
-yeloid conditions or (H) B cell 
editions. Original magnification, 
dOO (A to D) and x400 (E to H). 



cant percentage (7%) of the day 14 cells 
expressed B lineage marker B220 on their 
surface, although no cells were detected 
that stained positive for surface immuno- 
globulin M (IgM). A linear relation was 
observed between the number of cells 
plated at day 5 and the clusters formed on 
OP9 cells 5 days later (Fig. 3), suggesting 
that the individual clusters are of clonal 
origin ( / J ). The development of mesoder- 
mal cells and hematopoietic precursor (or 
stem) cells from ES cells appeared to oc- 
cur within the first 5 days, with the pro- 
liferation and differentiation of specific 
hematopoietic lineages occurring later. 
These sequential processes could be ob- 
served under the microscope. 

To determine the differentiation ca- 
pacity of day 10 clusters, we separately 
picked clusters and transferred them to 
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semisolid culture medium containing in- 
terleukin-3 (IL-3) and erythropoietin 
(Epo) under conditions that promote my- 
eloid cell growth (12). Out of 20 clusters, 
19 produced colonies consisting of various 
myeloid lineage cells. More than 75% of 
the clusters differentiated into mixed col- 
onies (Table 1 ). Thus, most of the clusters 
contained hematopoietic progenitor cells 
that could differentiate along various my- 
eloid lineages. 

We also examined the lymphohemato- 
poietic differentiation capacity of individu- 
al clusters. Well-separated day 10 clusters 
were picked, trypsinized, and divided into 
two aliquots. One aliquot was transferred to 
semisolid medium under the myeloid con- 
dition and the other to semisolid medium 
containing IL-7 as the growth factor for B 
lineage cells (13). Two of 45 clusters pro- 
duced colonies under both conditions; the 
cells that appeared under the myeloid con- 
ditions and the B cell conditions consisted 
of myeloid cells and lymphoid cells, respec- 
tively (Fig. 1, G and H). Twenty-three clus- 
ters produced only myeloid colonies and 20 
did not produce any. The addition of IL-7 
and 2-mercaptoethanol (2-ME), which pro- 
motes the growth of immature B lineage 
cells on stromal cells (14), caused bursting 
proliferation of B220-positive and surface 
IgM-negative immature B lineage cells 
which completed immunoglobulin DJ gene 
rearrangement in about 10% of day 14 he- 
matopoietic clusters (Fig. 2, B and D). The 
lymphoid cells in a small proportion of clus- 
ters (one per 500 to 10CO day 14 clusters) 
persisted and proliferated on OF9 cells after 
the detachment of the majority of the cells 
and differentiated in 40 days into surface 
IgM-positive cells that express the corn- 



Table 1. Differentiation capacity of day 10 clus- 
ters in semisolid medium containing IL-3 and Epo. 
Colonies which appeared 8 days after the transfer 
of individual day 10 clusters to the semisolid me- 
dia were picked and their cytospin specimens 
were stained with May-Grunwald Giemsa. Types 
of cells are n, neutrophil; m, macrophage; E, ery- 
throid; mast, mast cell; M, megakaryocyte; and 
blast, blastic cell. 



Colony 


Type 








Number 


n m 


E 


mast M 


blast 


2 


n m 


E 




blast 


2 


m 


E 


M 


blast 


1 


m 


E 




blast 


1 


m 






blast 


1 


n m 


E 


mast 




1 


m 


E 


M 




2 


m 


E 






5 


n m 








2 


m 








1 




E 






1 


None 








1 



1099 



T 





A, a 




B a 



C a 





Fig. 2. Expression of lineage markers and immunoglobulin gene rearrangement. (A to C) Standard 
two-stage immunofluorescence was performed with optimal concentrations of primary mAb against (a) 
B220 {hybridoma 6B2) (21 }; (b) IgM (biotinylated goat antibody to mouse IgM F(ab') 2 ); (c) c-kit, ACK-2 
(22); (d) an erythroid lineage-specific antigen, TER-119 (23); and (e) Mac-1, M1/70.15.1 (24). The 
second stage was fluorescein isothiocyanate (FITC)- conjugated mAb to rat k (Cosmo, Tokyo, Japan) or 
FITC-conjugated avidin (Cappel. West Chester, PA). Control samples of B220 were stained with isotype- 
matched rat IgG antibody and FITC-conjugated mAb to rat k. The cells were analyzed on a FACScan. Day 
14 cells (A) and day 40 ceils (C) were maintained on OP9 cells without IL-7 and 2-ME. Day 20 cells (B) 
were obtained with stimulation of IL-7 and 2-ME after day 10. (D) Southern hybridization of DNA of 
undifferentiated D3 cells (left) and day 20 + IL-7 cells (right) with mouse JH4 probe (78, 19, 25). The 
arrowhead shows the size of the unrearranged JH band. (E) Reverse transcriptase PCR analysis of 
immunoglobulin VDJ transcript of undifferentiated D3 cells (left) and day 40 cells (right) (20, 26). The 
arrowhead shows the expected size of PCR products from VDJ-Cp. transcripts. 

Table 2. Effect of M-CSF on the differentiation induction. The values show the cumulative number of 
clusters and cells yielded from 1 0 4 D3 ES cells 1 0 days after transfer to OP9 cells (27). Data are mean ± 
SE of four plates and the P value is <0.05 when any combination of data in each column is compared by 
f test. N.C., not countable because of a large number of macrophages diffusely located on dishes. 
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1240 ± 60 


17.7 ± 1.6 


13.2 -0.9 


4.5 ± 0.8 


+ 


N.C. 


78.1 ± 2.3 


7.0 ± 1.2 


71.1 ± 2.8 


+ - 


130 ± 10 


2.6 ± 0.2 
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plete u. chain mRNA (Fig. 2, C and E). 

We confirmed the inhibitory effect of 
M-CSF on the differentiation by adding 
recombinant human M-CSF (200 ng/ml) 
( 15). Addition of M-CSF during the first 5 
days reduced the number of differentiated 
colonies to about one-third but had no 
influence on the formation of undifferenti- 
ated colonies (10). This indicates that M- 
CSF inhibits differentiation of ES cells into 
mesodermal cells. When M-CSF was added 
for the first 5 days of the 10-day culture, the 
number of day 10 hematopoieitc clusters 
was reduced to about 10%, and those of 
total cells and nonmacrophages to one-sev- 
enth irrespective of the presence of M-CSF 
during the second 5 days (Table 2). Thus, 
M-CSF inhibits not only differentiation of 

1100 



ES cells into mesodermal cells but also sub- 
sequent development to hematopoietic 
cells. When M-CSF was added during the 
second 5 days, hematopoietic cell clusters 
were hardly detectable, instead there was a 
tremendous proliferation of macrophages. 
Although five times more cells appeared, 
90% of the cells were macrophages, and the 
number of nonmacrophages was reduced to 
about half. This increase of macrophages 
and decrease of nonmacrophages occurred 
regardless of the addition of M-CSF during 
the first 5 days. M-CSF unexpectedly inhib- 
ited the differentiation from ES cells to 
hematopoietic cells at more than one step. 
This explains why effective differentiation 
from ES cells to blood cells took place only 
on the M-CSF- deficient stromal cell line. 

SCIENCE • VOL 265 • 19 AUGUST 1994 



I I 




2.5 5.0 7S 10.0 125 
^Transferred ceOs 




Fig. 3. Relation between numbers of t 
cells obtained by coculturing for 5 days!3n§S 
cells and those of hematopoietic clust^ 
culturing for another 5 days. 



The other in vitro differentiation^ 
duct ion systems rely on the formatibi?^ 
embryoid bodies, suggesting the invol^. 
ment of complex induction mechanise 
for the development of blood cells (1,3). 
Differentiated mesodermal colonies in 
system are different from embryoid bodies 
because (i) differentiated colonies grtff 
flat and did not pile up until day 3 01,4, 
(ii) the colonies did not form cora^ 
structures such as cysts or luminaf^y^ 
after piling up, and (iii) erythroiT^ 
multipotential precursors appeare* 
(by day 3 and day 4, respectively) 
the embryoid body-forming syst 
JO). These observations suggest it 
rect interactions with an M-CSEj 
cient stromal cell line may be suffrti 
induce the development of lymphol 
topoietic cells, although requirern 
some interactions between the m 
mal cells during the first 5 days cq; 
be excluded. Eighteen out of 30 raj y 
chosen G418-resistant ES cell doro 
ferentiated into hematopoietic cells 
ficiently as parental ES cells (JO) 
system will thus allow the study of 
topoietic cell development with in jvitro 
genetic manipulation of ES cells (J6 
while avoiding the generation of lethal 
phenotypes that the targeted disruption of 
developmental genes often causes (J7), 
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Abstract 

This study describes a simple approach to generate rela- 
tively pure cultures of cardiomyocytes from differentiating 
murine embryonic stem (ES) cells. A fusion gene consisting 
of the a-cardiac myosin heavy chain promoter and a cDNA 
encoding aminoglycoside phosphotransferase was stably 
transfected into pluripotent ES cells. The resulting cell lines 
were differentiated in vitro and subjected to G418 selection. 
Immunocytological and ultrastructural analyses demon- 
strated that the selected cardiomyocyte cultures (> 99% 
pure) were highly differentiated. G418 selected cardiomyo- 
cytes were tested for their ability to form grafts in the hearts 
of adult dystrophic mice. The fate of the engrafted cells was 
monitored by antidystrophin immunohistology, as well as 
by PCR analysis with primers specific for the myosin heavy 
chain-naminoglycoside phosphotransferase transgene. Both 
analyses revealed the presence of ES-derived cardiomyocyte 
grafts for as long as 7 wk after implantation, the latest time 
point analyzed. These studies indicate that a simple genetic 
manipulation can be used to select essentially pure cultures 
of cardiomyocytes from differentiating ES cells. Moreover, 
the resulting cardiomyocytes are suitable for the formation 
of intracardiac grafts. This selection approach should be ap- 
plicable to all ES-derived cell lineages. (J. Clin. Invest 1996. 
98:216-224.) Key words: myocardial repair • infarct • so- 
matic cell therapy 

Introduction 

Cardiomyocyte loss in the adult mammalian heart is irrevers- 
ible and frequently leads to diminished cardiac function. The 
ability to increase the number of functional cardiomyocytes in 
a diseased heart would have obvious therapeutic potential. Re- 
cent studies have suggested that cellular engraftment can be 
used to augment myocyte number in the adult heart. Although 
several different types of myocyte preparations have been suc- 
cessfully engrafted (1-8), the inherent electrophysiologic, struc- 
tural, and contractile properties of cardiomyocytes strongly sug- 
gest that they are the ideal donor cell type. However, difficulties 
in obtaining sufficient numbers of fetal donor cells might con- 
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stitute a serious impediment for the widespread implementa- 
tion of intracardiac engraftment. Identification of an alterna- 
tive source of donor cardiomyocytes would thus be of value. 

Embryonic stem (ES) 1 cells, totipotent cell lines derived 
from the inner cell mass of blastocysts, have the ability to dif- 
ferentiate into a variety of cell lineages in vitro (9). Cardio- 
genic induction during ES differentiation is manifest by the 
appearance of spontaneously and rhythmically contracting 
myocytes, ES-derived cardiomyocytes express a- and p-car- 
diac myosin heavy chain (MHC) (10),a-tropomyosin (11), my- 
osin light chain 2v (MLC-2v) and atrial natriuretic factor (12), 
phospholamban (13) and type B natriuretic factor (14), and ex- 
hibit normal contractile sensitivity to calcium (15). Electro- 
physiologic analyses have identified action potentials typical 
for atrial, ventricular, and conduction system cardiomyocytes 
from ES-isolated cell preparations (16, 17). Furthermore, cell 
cycle withdrawal and multinucleation in ES-derived cardiomy- 
ocytes follow a temporal program roughly similar to that 
observed during cardiogenesis in vivo (18). These attributes 
suggested that differentiating ES cells might constitute a re- 
newable source of donor cardiomyocytes suitable for cardiac 
engraftment. 

However, successful use of ES-derived donor cells would 
require the generation of essentially pure cardiomyocyte cul- 
tures, as engraftment of pluripotent or totipotent ES cells 
would likely result in teratoma formation. In this study, totipo- 
tent ES cells were genetically modified so as to permit cardio- 
myocyte enrichment. ES cell lines carrying a fusion gene com- 
prised of the a-cardiac MHC promoter and sequences 
encoding aminoglycoside phosphotransferase were generated. 
Expression of the fusion gene in ES-derived cardiomyocytes 
facilitated their selection with G418 after in vitro differentia- 
tion. Immunohistologic and ultrastructural analyses revealed 
that the selected cardiomyocytes were highly differentiated. 
The G418 selected cardiomyocytes were tested for their ability 
to form grafts in the hearts of adult mice. Stable ES-derived 
cardiomyocyte grafts were observed as long as 7 wk after im- 
plantation. Thus, a relatively simple scheme of genetic selec- 
tion can be used to generate pure cultures of differentiated 
cardiomyocytes. Moreover, the selected cells were able to 
form stable intracardiac grafts. This selection approach should 
be applicable to all ES-derived cell lineages. 

Methods 

Generation of the myosin heavy chain-aminoglycoside phosphotrans- 
ferase transgene. A molecule carrying both an a-cardiac myosin heavy 
chain-aminoglycoside phosphotransferase (MHC-neo r ) and a phos- 
phoglycerate kinase (pGK)-hygromycin resistant transgene in a com- 
mon pBM20 vector backbone (Boehringer Mannheim, Indianapolis, 



1. Abbreviations used in this paper: ES, embryonic stem; LIF, leuke- 
mia inhibitory factor; MHC, myosin heavy chain; MLC, myosin light 
chain; neo r , neomycin resistance; pGK, phosphoglycerate kinase. 
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I N) was generated. The ot-cardiac MHC promoter consisted of 4.5 kb 
of 5' flanking sequence and 1 kb of the gene encompassing exons 1 
through 3 up to but not including the initiation codon (19). The ami- 
noglycoside phosphotransferase (neo r ) cDNA was subclohed from 
pMCl-neo poly A (Stratagene, La Jolla, CA). The pGK-hygromycin 
sequences were described previously (20). The transgene is depicted 
schematically in Fig. 1. Transgene insert (containing both the 
MHC-neo r and pGK-hygromycin sequences) was isolated by diges- 
tion with Xhol and HinDIII and transfected into ES-D3 stem cells 
(American Type Culture Collection, Rockville, MD) via electropora- 
tion. Transfected clones were selected by growth in the presence of 
hygromycin (200 u-g/ml; Calbiochem-Novabiochem, La Jolla, CA). 
PCR analyses were used to confirm that both the MHC-neo r and 
pGK-hygromycin sequences were present in the resulting cell lines. 
The ES cells were maintained in the undifferentiated state by cultur- 
ing in high glucose DME containing 10% FBS, nonessential amino 
acids, and 0.1 mM 2-mercaptoethanol. The medium was supple- 
mented to a final concentration of 100 U/ml with conditioned me- 
dium containing recombinant leukemia inhibitory factor (LIF) as de- 
scribed (21). 

In vitro differentiation and selection of ES-derived cardiomyo- 
cytes. To induce differentiation, 2 x 10 6 freshly dissociated ES cells 
were plated onto a 100-mm bacterial Petri dish containing 10 ml of 
DME lacking supplemental LIF. After 3 d in suspension culture, the 
resulting embryoid bodies were plated onto plastic 100-mm cell cul- 
ture dishes and allowed to attach. Regions of cardiogenesis were 
readily identified by the presence of spontaneous contractile activity. 
For cardiomyocyte selection, the differentiated cultures were grown 
for 8 d in the presence of G418 (200 p.g/ml; Gibco Laboratories, 
Grand Island, NY). 

To determine the cardiomyocyte content in nonselected cultures, 
plates were treated with trypsin 16 d after cardiogenic induction, and 
the resulting suspension was plated at low density onto fibronectin- 
coated cell culture dishes to permit visualization of individual cells. 
After 24 h of culture, the cells were fixed in acetone and processed 
for immunocytology with MF20, an anti-MHC antibody (see below). 
To determine the cardiomyocyte content following physical enrich- 
ment protocols, rhythmically contracting regions were microdissected 
with a sterile Pasteur pipette 16 d after cardiogenic induction, dissoci- 
ated with trypsin, and processed for MHC immunoreactivity. To de- 
termine the cardiomyocyte content in selected cultures, ES cells were 
allowed to differentiate for 8 d following cardiogenic induction. The 
cultures were then subjected to G418 selection for an additional 8 d. 
The selected cells were dissociated and processed for MHC immu- 
noreactivity. 

Immunofluorescence analyses of cultured ES-derived cardiomyo- 
cytes. Cultures of selected EA3 cardiomyocytes were treated with 
trypsin, and the resulting suspension was cultured at low density onto 
fibronectin-coated cell culture dishes for 24 h to permit visualization 
of individual cells. The cultures were then fixed in acetone, and non- 
specific immunoreactivity was blocked by incubation in 1% BSA, 
10% goat serum, IX PBS. The primary antibodies used were: MF20 
(antisarcomeric myosin), 9D10 (antititin), EA-53 (anti-a-actinin; 
Sigma Immunochemicals, St. Louis, MO), D3 (antidesmin), and 6-10 
(antidystrophin). Secondary antibody was fluorescein- or rhodamine- 

MHC-neo' 
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Figure J. Structure of the MHC-neoVpGK-hygromycin transgene. 
The plasmid backbone was pBM20. 



conjugated anti-mouse or anti-rabbit IgG F(ab') 2 fragment (Boeh- 
ringer Mannheim). All samples were counterstained with Hoechst 
33342 (Molecular Probes, Inc., Eugene, OR) and visualized by epiflu- 
orescence. 

Ultrastructural analysis of selected ES-derived cardiomyocytes. 
Selected cell cultures were fixed in 2% glutaraldehyde in 0.1 M so- 
dium cacodylate buffer (pH 7.4) containing 0.1 M sucrose and 0.05% 
caCl 2 , followed by postfixation in 2% osmium tetroxide in the same 
buffer (Stevens Metallurgical Corp., New York). All other chemicals 
were obtained from Ladd Research Industries, Inc. (Burlington, VT). 
Samples were stained with 2% uranyl acetate in pH 5.2 maleate 
buffer (0.05 M), dehydrated, and embedded in Ladd LX-112. After 
trimming, the block was thin sectioned and stained with uranyl ace- 
tate and lead citrate. Specimens were viewed on a Phillips 400 trans- 
mission electron microscope. 

Myocardial engraftment of selected ES-derived cardiomyocytes. 
Cultures of selected ES-derived cardiomyocytes were digested with 
trypsin, and the resulting single cell preparation was washed three 
times with IX DME and directly injected into the ventricular myo- 
cardium of anesthetized, intubated adult mdx mice (The Jackson 
Laboratory, Bar Harbor, ME) using a 30-gauge tuberculin syringe as 
described previously (8). After extubation and evacuation of the 
pneumothorax, the animals were placed at 37°C and monitored until 
they recovered from surgery. AH animal procedures were in accor- 
dance with institutional and National Institutes of Health guidelines. 

Immunohistology of hearts. Hearts were harvested, cryoprotected in 
30% sucrose, embedded and sectioned at 10 u,m on a cryomicrotome 
as described previously (7, 8). These studies used fetal mice (embry- 
onic day 15 C3HeB/FeJ), normal adult mice (C3HeB/FeJ), and dys- 
trophic adult mice (C57Bl/10ScSn-mdx/Jf). AH animals were obtained 
from The Jackson Laboratory. Nonspecific immunoreactivity was 
blocked by incubation in 1% BSA, 10% goat serum, lx PBS. For an- 
tidystrophin immunohistology, sections were incubated with 6-10 
(gift of Dr. T. Byers, Indiana University) or DYS1 (Novocastra Labo- 
ratories, Newcastle-upon-Tyne, United Kingdom) in IX PBS, 1% 
BSA for 2 h at 25°C, rinsed and reacted with a fiuorescein-conjugated 
secondary antibody. 

Northern blot analyses. Tissue or cells were homogenized in 
4.0 M guanidinium thiocyanate and RNA purified by centrifugation 
through 5.7 M CsCl using standard protocols as described (22). RNA 
samples were quantitated by spectrophotometry at 260 nm. For 
Northern analysis, RNA was denatured with glyoxal, separated by 
size on 1.2% agarose gels, and transferred to Genescreen (DuPont, 
Wilmington, DE). Oligonucleotide probes were labeled using poly- 
nucleotide kinase under standard conditions (22). Hybridizations 
were for 20 h at 65°C in 4X SSC, 2X Denhardt's, 0.1% SDS, and 1 
mg/ml salmon sperm DNA. Blots were washed at 60°C in 2x SSC, 
0.1% SDS, and signal was visualized by autoradiography at -70°C 
with an intensifying screen. The MLC-2v probe was 5'-CACAGCCCT- 
GGGATGGAGAGTGGGCTGTGGGTCACCTGAGGCTGTGGT- 
TCAG-3'; the MLC-2a probe was 5'-GAGGTGACCTCAGCC- 
TGTCTACTCCTCTTTCTCATCCCCG -3 Quality of the RNA sam- 
ples was confirmed by Northern analysis with a murine 18s rRNA oli- 
gonucleotide probe (5'-TCCATTATTCCTAGTGCGGTATCC AGG - 
AGGATCGGGCCTGCTTT-3'). 

Southern blot analyses. DNA from EA3 cells or from sections of 
engrafted hearts was prepared by digestion in a solution containing 
proteinase K (0.1 ftg/ml), 50 mM KCI, 10 mM Tris-HCl, pH 8.3, 2.5 
mM MgCl 2 , 10 mM DTT, 0.005% SDS. The samples were digested at 
55°C for 2-4 h. The proteinase K was heat inactivated and the result- 
ing crude nucleic acid preparation was amplified by PCR as described 
previously (23). The sense primer (5'-CTCTGACAGAGAAGCAGG- 
CACl'l I ACATGG-3 ' ) was located in the a-MHC promoter and the 
antisense primer (5'-ATAGCCGCGCTGCCTCGTCCTGCAGTT- 
CATTCA-3') was located in the neo' cDNA. The amplification prod- 
ucts were transferred to Genescreen Plus (DuPont) and hybridized 
with a nick-translated probe using standard conditions (22). The hy- 
bridization probe encompassed sequences of the MHC-neo r trans- 
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gene internal to the oligonucleotide primers used for PCR amplifi- 
cation. 

Results 

The structure of the MHC-nec//pGK-hygromycin transgene is 
depicted in Fig. 1. Initial transfection experiments produced 



five hygromycin-resistant ES cell lines. PCR analyses con- 
firmed that the cell lines carried both the MHC-neoT and the 
pGK-hygromycin fusion genes (Klug, M.G., unpublished ob- 
servation). One line, designated EA3, was chosen for subse- 
quent analyses. To induce differentiation, EA3 cells were 
plated in suspension culture in the absence of supplementary 
LIF. 3 d later, the resulting embryoid bodies were replated 




Figure 2. G418 selection of ES-derived cardiomyocytes in vitro and formation of intracardiac grafts. (A) Hoechst epifluorescence of a nonse- 
lected culture of EA3 ES cells 16 d after differentiation was induced. Note the high density of cells present in the field. (B) Antisarcomeric MHC 
immunofluorescence (green signal) of the same field depicted in A. Note that only a few cells are cardiomyocytes (arrows demarcate the same 
group of cells in A and B). (C) Hoechst epifluorescence of a G418-selected culture of EA3 ES cells 16 d after cardiogenic induction. (D) Antisar- 
comeric myosin immunofluorescence (green signal) of the same field depicted in C. Note that all of the cells presented in the G4l8-selected cul- 
ture express sarcomeric myosin (arrows demarcate the same group of cells in C and £>). (£-/) Immunocytologic analysis for titin, ot-actinin, 
desmin, sarcomeric myosin, and dystrophin expression, respectively, in G418-selected EA3 cardiomyocytes. (J and K) Phase-contrast image and 
antidystrophin immunofluorescence, respectively, of an mdx heart engrafted with G418-selected cardiomyocytes. The same field is depicted in J 
and K, and dystrophin immunoreactivity appears as green signal in K. Arrows indicate myofiber-containing host cells (dystrophin negative), 
while arrowheads indicate myofiber-containing donor cells (dystrophin positive). (L) Antidystrophin immunofluorescence of a second G418- 
selecied cardiomyocyte graft. Dystrophin immunoreactivity appears as green signal. 
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Table L Relative Cardiomyocyte Content in Nonselected, 
Physically Selected, and G418 Selected Cultures of 
Differentiating EA3 ES Cells 



Preparation 


Sarcomeric myosin 
positive cells 


Sarcomeric myosin 
negative cells 


Percent 
cardiomyocytes 


No selection* 


11 


2000 


0.55 


Physical isolation* 


68 


2000 


3.4 


G41 8 selection 8 


791 


3 


99.6 



Analyses were performed on multiple dishes obtained from the same 
differentiating culture to control for variation in cardiogenic induction. 
*16 d after cardiogenic induction, plates were treated with trypsin and 
the resulting suspension was plated at low density onto fibronectin- 
coated cell culture dishes. After 24 h of culture, sarcomeric myosin im- 
munoreactivity was scored (see Methods). *16 d after cardiogenic induc- 
tion, rhythmically contracting regions were microdissected with a sterile 
Pasteur pipette, dissociated with trypsin, and the resulting suspension 
was plated at low density onto fibronectin-coated cell culture dishes. Af- 
ter 24 h of culture, sarcomeric myosin immunoreactivity was scored. *8 d 
alter cardiogenic induction, cultures were treated with G418. After cul- 
turing in the presence of G418 for a total of 8 additional d, the selected 
cells were dissociated with trypsin and the resulting suspension was 
plated at low density onto fibronectin-coated cell culture dishes. After 
24 h of culture, sarcomeric myosin immunoreactivity was scored. 



onto tissue cultures dishes and allowed to form adherent colo- 
nies. Hoechst epifluorescence analyses demonstrated a very 
high cellular density in these cultures after a total of 16 d of in 
vitro differentiation. (Fig. 2 A), Immunofluorescence analysis 
of the same field revealed that only a small percentage of the 
differentiated cells expressed sarcomeric myosin, indicating 
that the vast majority of the cells were not cardiomyocytes 
(Fig. 2 B). To quantitate the cardiomyocyte content, the differ- 
entiated cultures were digested with trypsin and replated at a 
lower density to assess the immunoreactivity of individual 
cells. These analyses confirmed that cardiomyocytes (i.e., 
MF20 immunoreactive cells) comprised < 1 % of the cultured 
cells (Table I). 

To determine the extent of cardiomyocyte enrichment ob- 
tained by simple physical isolation, EA3 cells were differenti- 
ated in vitro for 16 d using the same procedure described 
above. Regions exhibiting spontaneous contractile activity 
were microdissected, digested with trypsin, and replated at a 
density suitable for immunocytologic analysis of individual 
cells. Although an ~ 10-fold enrichment of cardiomyocytes 
was observed, cardiomyocytes comprised only 3.4% of the 
cells present in microdissected cultures (Table I). To deter- 
mine the extent of cardiomyocyte enrichment obtained with 
genetic selection, EA3 cells were differentiated using the same 
approach described above. After 8 d of differentiation, G418 
selection was imposed and the cells were cultured for an addi- 
tional 8 d. Hoechst epifluorescence analyses indicated that the 
cellular density in these cultures was markedly reduced as 
compared with similarly aged nonselected EA3 cultures (Fig. 
2, C and A, respectively). Immunofluorescence analysis of the 
same field of G418-se!ected cells indicated that the vast major- 
ity of the surviving cells exhibited sarcomeric myosin immu- 
noreactivity (Fig. 2 D). Immunofluorescence analysis of single 
cell preparations was once again used to quantitate the extent 
of cardiomyocyte enrichment. More than 99% of the cells in 



G418-selected cultures expressed sarcomeric myosin (Table I). 
Thus, in the absence of enrichment, only a few cells in differen- 
tiated cultures were cardiomyocytes. In contrast, the G418 se- 
lection of differentiating EA3 cells produced essentially pure 
cultures of cardiomyocytes. 

Additional studies were performed to characterize the 
G418-selected cells. Previous studies have shown that the pres- 
ence of sarcomeric myosin immunoreactivity coupled with the 
absence of nebulin immunoreactivity permitted the definitive 
identification of cardiomyocytes in differentiating ES cultures 
(18). As expected, the G418-selected cells exhibited sarcomeric 
myosin immunoreactivity but not nebulin immunoreactivity, 
confirming that the selected cultures were comprised of cardi- 
omyocytes (Table II). The extent of differentiation in G418- 
selected cardiomyocyte cultures was further assessed by immu- 
nocytologic analyses. Once again, the selected cultures were 
digested with trypsin and replated at a density sufficient for the 
analysis of individual cells. Well-developed myofibrillar struc- 
ture was detected by titin and a-actinin immunocytology (Fig. 
2, E and F, respectively). Intermediate filament structure typi- 
cal of cardiomyocytes was detected by desmin immunocytol- 
ogy (Fig. 2 G). High power views of the MHC immunoreactiv- 
ity revealed the presence of well-aligned myonbers in adjacent 
G418-selected cells (Fig. 2 H). Dystrophin immunoreactivity 
was also detected in the selected cardiomyocyte cultures (Fig. 
2 /); the dystrophin gene product is a well-established marker 
for both cardiac and skeletal muscle. The immunocytological 
analyses of the selected EA3 cultures are summarized in Table 
II. In each instance, cardiac tissue from normal fetal, normal 
adult, and dystrophic adult mice were included as controls. 

Heterogeneous ANF immunoreactivity was observed in 
G418-selected EA3 cultures (Table II). It is well-established 
that ANF is expressed constitutively in the atrium during de- 
velopment. Although ANF is also expressed at high levels in 
the fetal ventricle, both transcription and protein accumula- 
tion at this site are dramatically downregulated at birth (24, 
see also Table II). Thus, the heterogeneous ANF expression 
observed in selected EA3 cultures suggests that these cells 
have differentiated into the adult phenotype, and that cells 
with attributes similar to either atrial or ventricular cardiomy- 
ocytes are present. 

To further address this issue, Northern blots were per- 
formed with RNA prepared from adult atria, adult ventricles, 
undifferentiated EA3 cells, and G418-selected EA3 cardiomy- 
ocyte cultures. The blots were hybridized with oligonucleotide 
probes from the 3' untranslated region of the MLC-2v and 
MLC-2a genes (Fig. 3). The hybridization signals observed 
with the atrial and ventricular RNA samples established the 
relative specificity of the probes. No signal was observed with 
RNA prepared from undifferentiated EA3 cultures. In con- 
trast, both the MLC-2v and MLC-2a probes hybridized to 
RNA prepared from selected EA3 cultures, consistent with 
the notion that both atrial- and ventricular-like cardiomyo- 
cytes can be selected by this process. The relatively low MLC- 
2v and MLC-2a signal observed in the selected cardiomyocyte 
cultures as compared with the dissected tissue samples most 
likely reflects the fact that the cultures are a mixture of atrial- 
and ventricular-like cardiomyocytes where the tissue samples 
were not. The potential contribution of conduction cells to the 
selected cultures would also impact on the relative MLC sig- 
nals. In addition, the cultured cells were not under mechanical 
load, and as such MLC-2 transcription may not have been 
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Table II. Comparative Immunoreactivity of Murine Cardiac Muscle and G418-selected Cardiomyocyte Preparations 



Cell type 



Marker* 

Myosin heavy chain 

(MF20) 
Titin 

(9D10) 
u-Actinin 

(EA-53) 
Desmin 

(D3) 
Nebulin 

(NB2) 
ANF 

(MA-APIII) 
Dystrophin 

(6-10) 
Dystrophin 

(DYS1) 
Utrophin 

(DRP2) 



Normal embryonic 
cardiac muscle 

+* 
+ 
+ 
+ 



Normal adult 
cardiac muscle 

+ 
+ 
+ 
+ 



Dystrophic adult 
cardiac muscle 



+ 
+ 
+ 



G418-sclected 
cardiomyocytes 



+1 



♦EA-53 and NB2 were from Sigma Immunochemicals, DYS1 and DRP2 were from Novocastra Laboratories. Sources for the other antibodies arc 
listed in the Methods and Acknowledgments section. * + indicates strong signal; ± indicates heterogenous signal; - indicates no signal. 8 ANF was de- 
tected in the atria but not ventricles of all adult histologic sections. Only a small percentage of the G418-selected cardiomyocytes exhibited ANF im- 
munoreactivity. 'Utrophin immunoreactivity was heterogeneous in normal embryonic cardiac muscle and in G418-selcctcd cardiomyocytes. 



maximally induced. Finally, the RNA input in the selected car- 
diomyocyte lanes was low compared with the tissue controls 
(compare the relative 18s rRNA signals). 

The G418-selected cardiomyocytes exhibited spontaneous 
and rhythmic contractile activity, with adjacent cells beating 
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Figure 3. MLC-2aand 
MLC-2v are expressed 
in G418-selected EA3 
cultures. RNA from 
adult atria, adult ventri- 
cles, undifferentiated 
EA3 cells, or G418- 
selected EA3 cultures 
was hybridized to oligo- 
nucleotide probes from 
the MLC-2v (top) or 
MLC-2a (middle) 
genes. The integrity 
and quantity of the 
RNA samples was as- 
sessed by hybridization 
with an 1 8s rRNA 
probe (bottom). 



synchronously. Cultures of selected, beating cardiomyocytes 
could be maintained for as long as 11 mo (KJug, M.G., unpub- 
lished observation). Ultrastructural analyses further estab- 
lished the differentiated status of EA3 cardiomyocyte cultures 
(Fig. 4). Normal adult sarcomeric structure was apparent in the 
selected cells. Intercalated discs composed of fascia adherens, 
desmosomes, and gap junctions were observed to connect ad- 
jacent cells (Fig. 4 B). The laminar structure of the gap junc- 
tions was confirmed by examination at high magnification 
(Fig. 4 C). Myosin synthesis was observed to occur along free 
ribosomes in many of the selected cells (Fig. 4D). Collectively, 
these light and electron microscopic analyses indicated that 
G418 selection did not impact negatively upon cardiomyocyte 
differentiation. 

Selected cardiomyocytes were tested for their ability to 
generate intracardiac grafts. G418-treated EA3 cultures were 
digested with trypsin, and ~ 1 X 10 4 cells were delivered into 
the left ventricular free wall of dystrophic mdx recipient mice. 
Given that the selected cardiomyocytes expressed dystrophin 
(see Fig. 2 / and Table II) whereas the myocardium of the re- 
cipient mdx mice did not (see Table II, also reference 25), the 
fate of engrafted donor cells was readily monitored by antidys- 
trophin immunohistology. Phase-contrast microscopic exami- 
nation of cryosections of the recipient hearts revealed that en- 
grafted regions frequently exhibited normal myocardial 
topography (Fig. 27). Immunocytologic assays with antidystro- 
phin antibody 6-10 revealed the presence of dystrophin-posi- 
tive G418-selected cardiomyocytes (Fig. 2 K and L). Compari- 
son of phase-contrast and antidystrophin images of the same 
field revealed the presence of myofibers in the engrafted 
G418-selected cardiomyocytes (Fig. 2,7 and /C, respectively). 
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Figure 4. Ultras tructural analysis of selected EA3 cardiomyocytes. (A) Low-power transmission electron micrograph of a G418-selected cardi- 
omyocyte: n, nucleus; m, mitochondria; s, sarcomere. (B) High-power electron micrograph showing the presence of a desmosome (arrowhead), 
fascia adherens (arrow), and gap junctions (boxed), which are the ultrastructural components of intercalated discs. (C) High-power view of the 
boxed region in B demonstrating the laminar structure of the gap junctions. (D) High-power electron micrograph demonstrating the presence of 
myosin synthesis (arrows) along free ribosomes (arrowheads). 



6-10, a relatively high-affinity polyclonal antibody, recog- 
nizes the rod domain of dystrophin (amino acid residues 1991- 
3112). To confirm that this immunoreactivity was not artifactual 
(i.e., an "immunologic revertant," see reference 25), adjacent 
sections of the engrafted hearts were examined with an anti- 
dystrophin monoclonal antibody (DYS1) which recognizes a 
different epitope (amino acid residues 1181-1388). 83% of the 
6-10 positive grafts exhibited DYS1 immunoreactivity on adja- 
cent sections (Table III). Importantly, no DYS1 immunoreac- 
tivity was observed in multiple sections of control mdx sam- 
ples. Given the unequivocal nature of the DYS1 control 
experiment, the positive signal observed in these hearts 
strongly suggests that the G418-selected cardiomyocytes were 
engrafted successfully. Six of the eight animals analyzed devel- 
oped grafts exhibiting both 6-10 and DYS1 immunoreactivity; 
a similar success rate was obtained with fetal cardiomyocyte 
grafts (7,8). 

Previous studies with a canine dystrophic model used utro- 
phin immunohistology to provide a second, albeit negative, 
marker for engrafted cardiomyocytes (8). Although utrophin- 
negative, dystrophin-positive cardiomyocytes were detected in 
the engrafted hearts in this study, the heterogeneous pattern of 
utrophin expression observed in cultured EA3 cardiomyocytes 



precluded the use of this assay as second marker for engrafted 
cells. Therefore PCR amplification with primers specific for 
the MHC-neo r fusion gene was used to confirm the presence of 
engrafted G418-selected cardiomyocytes. DNA was prepared 



Table III. Summary of Dystrophin Immunoreactivity and PCR 
Analyses of mdx Hearts Engrafted with G418-selected 
Cardiomyocytes 





Dystrophin 


Dystrophin 




Mouse 


(6-10) 


(DYS1) 


PCR 


1 


+ * 


+ 




2 


+ 




ND* 


3 






ND 


4 


+ 


+ 


+ 


5 






ND 


6 


+ 


+ 




7 


+ 


+ 


+ 


8 


+ 


+ 


+ 



* + indicates signal detected; - indicates no signal detected; ND indi- 
cates not determined. *PCR analyses were performed only on those 
grafts which exhibited both 6-10 and DYS1 immunoreactivity. 
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Figure 5. Southern blot analysis of PCR-amplified DN A prepared 
from mdx hearts engrafted with G418-selected ES-de rived cardiomy- 
ocytes. DNA from 10 4 , 10\ 10 2 , or 10 1 EA3 cells, from a nonengrafted 
heart section (-), or from engrafted heart sections exhibiting DYS1 
immunoreactivity was amplified with primers specific for the MHC- 
neo r transgene (mouse number refers to the designations presented in 
Table III). The resulting amplification products were separated on 
agarose gels, transferred to nylon membrane, and hybridized with a 
nick-translated probe corresponding to sequences of the transgene 
internal to the primers used for PCR amplification. The 409-bp 
MHC-neo r transgene amplification product was readily detected in 
the samples prepared from DYS1 -positive engrafted hearts, as well as 
in the positive control samples from EA3 cells. No signal was de- 
tected in the amplification products generated from nonengrafted 
heart sections. 



from engrafted heart sections exhibiting DYS1 immunoreac- 
tivity, as well as from sections of nonengrafted control hearts. 
DNA from the parental EA3 cell line was used as a positive 
control. The DNA samples were subjected to PCR amplifica- 
tion, and the products were separated on agarose gels, trans- 
ferred to nylon membranes, and hybridized with a nick-trans- 
lated probe which encompassed sequences of the MHC-netf 
transgene internal to the oligonucleotide primers used for 
PCR amplification. Amplification of control EA3 DNA pro- 
duced an appropriately sized band which hybridized to the 
transgene probe on the Southern blot (Fig. 5). An identical 
band was observed in amplification products of DNA pre- 
pared from DYS1 -positive sections, but not in the amplifica- 
tion products of nonengrafted samples (Fig. 5). These results 
provided a second independent marker for the presence of en- 
grafted G418-selected cardiomyocytes. The results of the graft 
analyses are summarized in Table III. 

Discussion 

This report describes a simple genetic modification which per- 
mitted the generation of essentially pure cultures of cardiomy- 
ocytes from differentiating ES cells. Cardiomyocytes express- 
ing an MHC-neo r transgene survived G418 selection and 
remained stable in culture for extended periods of time. In 
contrast, noncardiomyocyte cell lineages derived from the pa- 
rental ES cell did not express the fusion gene and conse- 
quently were eliminated by G418 selection. This procedure re- 
producibly yielded cardiomyocyte cultures which were > 99% 
pure, as based on sarcomeric myosin immunoreactivity in iso- 
lated cell preparations. Expression of the MHC-netf transgene 
did not impact negatively on cardiogenic differentiation, as ev- 
idenced by the spontaneous contractile activity of selected 
cells. This observation was supported by both immunofluores- 
cence and ultrastructural analyses, which documented the 



presence of well-developed myofibers in the selected cells. In- 
tercalated discs were observed to couple juxtaposed selected 
cardiomyocytes, consistent with the observation that adjacent 
cells exhibited synchronous contractile activity. Collectively 
these data indicate that the selection process gives rise to 
highly differentiated cells. Furthermore, the selected cardi- 
omyocytes were able to form stable intracardiac grafts, with 
the engrafted cells aligned with host cardiomyocytes. 

The differentiated status of ES-derived cardiomyocytes is 
well established. Molecular, cytological, electrophysiological, 
and contractile analyses have demonstrated that ES-derived 
cardiomyocytes exhibit many of the physical and molecular at- 
tributes observed in typical cardiomyocytes (9-18). Although 
the analyses* of selected EA3-derived cardiomyocytes pre- 
sented here were of a more limited scope, all of the markers 
examined were consistent with a highly differentiated cardi- 
omyocyte preparation. A priori, one would anticipate that the 
entire spectrum of differentiated characteristics seen in naive 
ES-derived cardiomyocyte preparations would also be present 
in the EA3-selected cells. Refinement of the selection proce- 
dure (i.e., selection of atrial versus ventricular cardiomyocytes, 
or selection of conduction system versus working cardiomyo- 
cytes) should be possible simply by choosing an appropriately 
cell type-restricted promoter to target aminoglycoside phos- 
photransferase expression. Combinatorial approaches using 
multiple promoters and selectable markers also can be envi- 
sioned. The observation that cells with attributes similar to 
atrial or ventricular cardiomyocytes were present in G418- 
selected cultures bodes well for the feasibility of isolating spe- 
cific cardiomyocyte subtypes. 

The approach presented here can generate as many as 10 6 
ES-derived cardiomyocytes with an initial input of 10 6 stem 
cells. However, the inherent variability of cardiogenic induc- 
tion in differentiating ES cultures can have a significant impact 
on the ultimate yield in a given preparation. Preliminary stud- 
ies have indicated that many factors can influence the cardio- 
myocyte yield. These factors include serum content, length of 
growth in suspension culture, and initial embryoid body plat- 
ing density. Thus, while the yield of G418-selected cardiomyo- 
cytes currently is somewhat variable, it is likely that optimiza- 
tion and standardization of the induction, culture, and 
selection protocols will result in improved and more reproduc- 
ible preparations. 

Cellular engraftment is emerging as a viable approach to 
augment myocyte number in adult hearts. To date several my- 
ocyte preparations have been grafted successfully into the 
adult myocardium. These include AT-1 tumor cardiomyocytes 
(1,2), both naive and genetically engineered myoblasts (3-6), 
and fetal cardiomyocytes (7, 8). The limited studies reported to 
date suggest that fetal cardiomyocyte engraftment may hold 
the greatest potential to effect myocardial repair, as the en- 
grafted donor cells were observed to form nascent intercalated 
discs with host cardiomyocytes (7, 8). While it remains to be 
established if any form of cellular engraftment can effect myo- 
cardial repair (see reference 26 for a critical review), it is virtu- 
ally certain that human fetal donor cardiomyocytes cannot be 
obtained in sufficient numbers for use in a clinical setting. As 
such, identification of an alternative source of donor car- 
diomyocytes would constitute an important advancement. The 
observation that selected EA3 cardiomyocytes form stable in- 
tracardiac grafts raises the possibility that ES-derived cells 
may constitute a viable alternative source of donor cells. Im- 
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portantly, the frequency of successful engraftment with EA3 
cardiomyocytes was similar to that observed with fetal murine 
cardiomyocytes (7, 8). Engrafted myofiber-containing donor 
cells were observed to be aligned and tightly juxtaposed with 
host cardiomyocytes. The generation of stable intracardiac 
grafts in the absence of teratoma formation further attests to 
both the cardiomyocyte purity and cell cycle withdrawal at- 
tained with the selected cultures. Collectively these observa- 
tions suggest that ES-derived cardiomyocyte preparations may 
be a useful surrogate for fetal cardiomyocytes in cardiac en- 
graftment procedures. 

The EA3 cells also may prove to be a useful cell culture re- 
source. Given the limited proliferative capacity of naive mam- 
malian cardiomyocytes (27), most in vitro experiments have 
used primary cultures of fetal or neonatal cells. Although the 
utility of such cell preparations is well established, the cultures 
are cumbersome to generate and frequently can be overrun by 
fibroblasts. Efforts to generate myocardial cell lines have fo- 
cused largely on the targeted expression of oncogenes, either 
in cultured cardiomyocytes or in the myocardium of transgenic 
animals (for reviews see references 28 and 29). Although nu- 
merous cell culture resources have been generated in this man- 
ner, to date no established cell lines exhibiting contractile ac- 
tivity after repeated passage have been reported. While the 
EA3 ES cells can be cultured and passaged in the undifferenti- 
ated state, it should be stressed that the proliferative capacity 
of the nascent cardiomyocytes is limited. Indeed, previous 
analyses of nonselected cultures have indicated that ES- 
derived cardiomyocytes withdraw from the cell cycle in a tem- 
poral pattern roughly similar to that observed for cardiomyo- 
cytes during normal murine development (18). Moreover, ES- 
derived cardiomyocyte cell cycle withdrawal was accompanied 
by a shift toward multinucleation, a hallmark of cardiomyocyte 
cell cycle withdrawal in vivo. While the selection procedure 
described here does not provide a source of continuously pro- 
liferating cardiomyocytes, the ability to propagate the parental 
EA3 cell provides a continuously renewable ex vivo source of 
pure cardiomyocyte cultures. Importantly, selected cardiomy- 
ocytes with spontaneous contractile activity can be cultured for 
extended periods of time without encroachment by other cell 
lineages. 

The selection procedure described here should be applica- 
ble to all ES-derived cell lineages, provided that suitable cell 
type-specific promoters are available. Given that numerous 
cell lineages of ecto-, endo-, and mesodermal origin are repre- 
sented in differentiating ES cultures (9), it is likely that ES- 
derived cellular transplantation strategies can be extended to 
other organ systems. To date, ES lines capable of cardiogenic 
differentiation have been generated in a number of species, in- 
cluding mouse, rat, rabbit, mink, pig, and most recently pri- 
mates (30). If cardiomyocyte engraftment proves to be of ther- 
apeutic value, the generation of cardiogenic human ES cell 
lines would preclude the requirement for either human fetal or 
xenotrophic tissue. The existence of pluripotent human em- 
bryonic carcinoma cell lines is encouraging with regards to the 
prospects of generating cardiogenic human ES cells. 
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